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EVALUATION OF A LIGHTWEIGHT PROTECTIVE MASX
CONCEPT FOR RESPIRATORY PROTECTION SYSTEM 21

1.0 INTRODUCTION

In the event of combat where Nuclear, Biologica!, or Chemical (NEC) weapons could be
presented, the soldicr must be protected while being able to perform his mission. NBC protective
equipment for individuals included both protectioa for the body and the head. However, this
equipment causes disadvantages ¢2 to the physiological burden on the solder, such as:

» Reduction in vision, both field of view and acuity
. Degradation of communications, both speech and hearing capabilities
. Increased heat load by containing body heat and preventing exposure o cooling air

The U.S. Army Chemical, Research, Development, and Engineering Center (CRDEC) is
entering development of the next generation of respiratory protection (RESPO 21) to replace the
currest M40 series of protective masks. One of the system concepts is a lightwe 1t protective mask
(LPM) which utilizes a barrier film for both the facepiece and hood. This concepe provides a
lightweight, conformal mask design which can be rolled or folded into a very smail package.

Concept studies bave been completed for advanced seal designs, attachment systems, aad electronics
for this mask.

Batelle was contracted by CRDEC to integrate the results of the previous omponent
studies and to evaluate methods for optimizing the functional characteristics of the LPM concept.

This report documeants the development process in designing and fabricating LPM prototypes.

29 OBJECTIVE
The objective of this program was to evaluate the feasibility of s Jightwaight protective

mask concept for RESPO 21. This evaluation consisted of generating concepes and performing the
fabrication ard evaluation of prototypes.
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31

TECHNICAL ACTIVITY

Turing the performance of the LPM development program, the following tasks were

The desijn requirements for the LPM, the previous work on protective masks, and the
08 previcus work components which could be used in the LPM concepts were reviewed
New materials were researched which could be beneficial to the LPM design

LPM conzepts wers generated

Components and initial mask mockups were fabricated to further define the design

The LPM prototypes were designed and fabricated

Changes and improvements to the prototypes were identified which could be
implemented in future prototype iterations.

Background Informalion

Background infornation on past mask developments, mask compone design, and LPM

requiremests was cbtained trough discussions with CRDEC and reviewing information 77 yvided by
CRDEC. The background information on the LPM development is presented in the foiiowing

sections.

3.t

Design Requi ldentificats

The design goals of the LPM were provided by CRDEC (ref 1,2,3) and inchude:

Low weight and dulk

Easily stowed

L w profile design on the head wbile providing good comfort and fit

Good optical propertice while providing optical compatibility with existing sighting and
WEIPOD Fystery

Low breathing resistance

Provide ciemical protecnoa for 24 hours

Withstand decontaminates




The current M40 protective mask systern. consists of a mask, a butyloated {abric hood,

a filter canister, and a carner for storing these components. This syster weighs about 3.8 pounds
and has . stowed volume of about 443 cubic inches (9 inches by 11 inches by 4.5 inches). The
weight of the LPM system should be considerably less than the M40 mask system. Also, the LPM
should be designed to roll or fold up allowing it to be carried in an existing pocket. To facilitate
stowing the LPM, the filter assembly should be a flexible design and integral with the mask. This ]
design approach will preclude mourting a heavy filter canister to the mask which waould tend to pull
the mask away from the face (i.e., break the face seal) while the solider is running or handling other
equipment. Anothar desiraule design feature for both lightweight and low profile would be to make 2
single layer hood/facepiece which forms both the chemical barrier and the m~sk suspension.

The LPM mask design, especially dhe air management ducts and check valve assemblies,

should ha= e a low prufile 1o minimize interference with cther squipment, such as weapons during
firing, sighting devicas, kelmets, etc. Of course, the LPM must fcrm 2 good seal to providing high
protection factors and minimize lens fogging when exhaling. In addition, the LPM shouid provide a
comfortable fit to reduce the physiological burden on the solder. The M30 mask is molded of
silicons rubber for low temperature flexibility and romfort even though this material dcesn’t provide 3
good chemical agent barrier. Alse, the M40 uses thick rubber straps and metal buckles to support the
mask on the face. Because these siraps and buckles cause pressure points, or “hot spots”, this type of
suspension should be replaced by an elastic design which uniforraly distributes the pressure on the
wearer's head.

The M40 mask lens system has an eye relief ¢4 45 mm (1.77 inches) which greatly
reduces the wearer’s field of view and nakes couplig with sighting devices and weapon systems
difficult. For instasce, the eye relief for most sighting devices is 25 mm (1.0 inch). To overcome
the vision deticiencies of the M40, the LPM should bave an ortimum eye eiief of 18 mm (0.71
inches) and should not exceed 25 mm (1.0 inch). The LPM leas system should also consist of 2
primary lens for chemical and ballistic protection, 2 laser protection outsest, and optical correction
inserts, Both the laser protection outsert and the optical correction inserts should he field repiaceabls
units without requiring special tcols. The field of view (FOV) and the optical properties of the LPh
lens sysrem should be maximized. In addition, the various lenses shondd incovporate 2 two-lens
system or a foldable design, thus eliminating the tendeucy of a single “winashield” design to break af
the nose bridge.




The breathing resistance, both inhalation and exhalation, of the filter and the associated
ducts and check valve: shculd be minimized to reduce the pr:ysiological burden on the wearer. The
flow resistance of e M40 fiiter canister is about 45 mm H,O at 85 liters per minute (ipm) which
doesn't include the resistance of tite ducts and check valves, The goal of the LPM is to have a
inhalation resistance of one half of the M40 mask. Provisions should also be made for including a 2-
cubic-foot per minute (CFM) blower to tne LPM for breathing assistance. The inhalation check
valves and the nose/mouth seal should be designed to prevent fogging of the lenses in ccld
temperatures (which can be as low as -25°F) without breathing assistance.

The chemical barrier of the LPM should provide 24-hour protection to the wearer for all
chemical agents. The barrier material should also not absorb the chemical agents which could then
desorb at a later time to pose a chemical hazard. The LPM must not be degruded by exposure to
other chemicals or fluid such as decontaminants, fuels, lubricants, et<.

Th2 above requirements are the basic design goals of the LPM. The first concept
drawing ci the LPM, as provided in reference 1, is shown in Figure 1. Specific design goals of the

LPM in quantitative terms are included in Appendix A.

Figure Reproduced For Clarity

FIGURE 1. I.LPM DESIGN FROM PATENT DISCLOSURE (REF 1)
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3.1.2 Literanure Review

Various reports were provided to Bartelle by CRDEC on previous conceps studies for the
development of components and materials which could by used in the LPM concept. The descriptions
of these reports arc presented below. Additivnal ceports, joum articles, and vendor catalogs were
ideatified and reviewed during the developraent program; however, these Tefere ‘ces are introduced a8
their pertinent information it needed to describe the development procase.,

3.1.2.1 Chemicgl Barrier Materials

Several studies to identify chemical ayent barrier materials have been previously
completed and the reports provided to Batteile by CRDEC. The various materiale investigated could
be used in applications ranging from lens materials, lens hardcoatings, hoods, facepieces, ax rigid
check valve seats, Reference 4 was a study to identify materials which could be used i the following
applications: elastomeric facepieces, flexible lenses, flexible optical coxings, vigid lenses, rigid
components, and fiexible barrier films for boods. Refevence 5 idemtifies and evalustes material; for
four different applications: hardcoating for polycarbonate lenses; coated fabrics for use a8 hoods;
“softshell™ concepts of a facepiece seal, suspension, and nosecup; and trzasparent facepiecat.
Reference 6 lists the results of subjecting candidate materials identified in the above two studies t© the
chemical agent HD in the liquid form. Referencs 7 details 3 study investigating possible flexidie lens
materials which could be used in the MCU-2/P mask. The original flexible lens material used in this
mask was an sromatic urethane which was susceptible 0 loog-term ysilowing, suffaed frons
significant blooming, would take 2 permanent set, and was degraded dy DS-2 decontaminat.
Summaries of these studies, along with some other sources, can be found ia Appendix B relative 1
the apolication, material, material thickness, any ““me to beeal:through.

3122  Lens Dasign

References 3, 9, 10, and 11 were provided by “RDEC describing several studies
conducted to identify various lens geometries for different mask applications. Rsferencs § presenced
general design guides for defining a lens system and proposed 2 aumber of cnacews, including two-
lens decentered designs, single-lens windshield designs, and two-ieas deeigns basad oa the single-lens
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windshield. The lens concepts were then evaluated relative to optical properties and producibility.
Reterence 9 describes the lens design for the XM40 single lens mask (SLi4). This lens was to be
cumpauble with combat spectacies, optical correction inserts, the SPH-4 helmet system, and night
vision systems. Reference 10 identifies lens design specifications and guidelines to be used in RESPO
21 Individual Protsction Equipment (TPE). This document spec.fies that the lens system must provide
the capability of correcting vision from -9.00 diopters to +9.00 diopters for infantry. Refereace 11

is an anthropometric survey report provided by CRDEC during the performance of this program.

This survey of infantry troops found that the optical correction range of -7.00 diopters to +1.12
diopters covered 1 to 99 percentile of the survey population.

31.2.3 COxher Literature

Reference 12 is a compilation of previous study summations provided by CRDEC
relative to face and neck seal design, previous lens designs, voicemitters, voice amplifiers, respiratory

design efforts, and cooling systems.
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3.2 Chemical Barrier Materials

eigdadiradls

}é The materials tonning the LPM barrier to chemical agent permeation must meet 3
"ﬁ @ number of functional requirements, such as:

X
i

£
¥,

i

. The material must resist permeation of the chemical agents for 24 hours

A The material must not absorb chemical agents allowing desorption of the chemical agent
after the threat has been removed. Therefore, the material must not absorb the chemical
agents, or if it does, it must be readily decontaminable or safely discarded.

. The physical properties of the material must not be degraded when exposed to the
chemical ageas or other chemicals common to the battlefield, such as fuels (e.g.,
gasoline, diese! fie2l, jP-4), hydraulic fluids, and decontaminants (e.g., DS-2 and STB).

. The material .m:s? ba lightweight,

. The material .51 ve flexible (i.e., not board-like) so that it conforms to the wearer and
is foldable.
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. The material should not generate noise, such as swishing, when the wearer moves.

o The material must have sutficient sirength, tear resistance, puncture resistarce, and
durability for use by a combat scldier. In addition, the material properties must not be
degraded by eavironmental cunditions, such as low or high temperatures, ultravioset

radiation, ozone, humidity, abrasion, etc.

Chemical § ..2ation is a concentration-dependent phenomenon; the breakthrough time
and steady-state permea. o rate should vary with concentration.(ref 13) Chemical permeation zelative
to breakthrough time is defined by the time it takes for the chemical to go through the following three

steps:

. Adsorption of the chemical through the outer material surface
. Diffusion through the material
. Desorption from the inner mater:3: surface.

Besides the breakthrough time, the permeztion rate is also important because it
Jetermines the time from initial chemical breakthrough to the time that the exposure to the wearer
reaches hazardous levels,

Breakthrough time has been found to be inversely proportional with the chemical
concentration (ref 13) and to material thickness. During a study on glove thickness and chemical
permeation (ref 14), it was found that material thickness is more likely to affect permanent
breakthrough time (BT) than steady-state permestion rate (SSPR), though permestion rate did vary
inversely with thickness for half of the systems they examined. A conclusion of this study is that the
square root of the breakthrough time appears to de related linearly to thickness (i.e., doubling the
thickness could increase the breakthrough time by a factor of 22 5 4). Therefors, it should be
possible to predict a material thickness which offers 2 desired level of protection based on
characterization of two or three test films of different thicknessce. Also, an iaverse linear relationship
between the g.ove material thickness and steady-state permeation rate was observed for the three
glove systeras tested. Therefore, a greater muaterial thickness not oaly results in longer breakthrough
times but should also reduce the degree of exposure. Caution sheuld be exercised in using these




results because they are based on only a couple of single layer materials and solvent systems; the
permeation of any given chemical through any gives material and material thickness will be unique.
However, these results can be usad in a general sense which must be backed up with specific testing.

Since the permeation of chemical agemts through a single-layer material is fairty
complex, it can be very difficult to estimate the chemical permeation through a multi-layer material.
As the permanent diffuses through the first material matrix, it must pass through the first and second
material interface, followed by diffusion through the second material matrix, and so on until it
desorbs from the inner surface of the last material layer. Multi-layer materials can be censtructed
using a material layer having very good permeation resistance with a layer which doesa’t have good
permeation resistance. Since the secord layer is exposed to much lower permanent concentrations
than if used alone, the permeation rate can te much lower. Also, if the first layer absorbs liquid
chemical i;: a manner which induces the chemical to spread, the resulting concentration of chemical at
the second layer inte“ace is much lower than if the second layer alone is exposed to the chemical.(ref
15) The muiti-iayer approach can be implemented by piacing a thin film barrier on top of a
supporting layer. If a suitable barrier material is designed by increasing the matrix thickness or by
incorporating multiple {ayers, the ability to decontaminate the material could also be reduced.
Therefore, it is beneficial to ptace a barrier material near the surface exposed to chemical agents to
minimize the amount of agents. The multi-layer approach can he implemented by placing a chemical
barrier layer un the outer surface and a material layer on the it-.-  wface whick is comfortable o the
weares.  An additional thin layer can be placed on the outer surtavc of the chemical barrier for
additional environmental protect.on if required. Alsc, an intermediate layer can be placed between
¢ chemica' parrier layer and the innermost layer 0 facilitate bonding between the two primary
layers or to provide a traasition between thz flexural characteristics of the two primary layers.

Almost as important as the maxerial’s ability to resist chemical agent permeation is i3
ability to be bonded to itself and to other materials without nullifying the barrier properties. For
instance, if the material has to be sewn together, the needle holes have to be sealed, possibly with a
sealing tape based on heat bonding or adhesive bonding. The manufacturing process or bonding
process should not produce pin holes. Feat sealed seams or thermoforming must not cause significant
thinning of the barrier material or degrade the barrier properties. Therefore, not only shouid the
material itself be tested for permeation, but the fabrication interfaces should also be tested.




r‘“‘

Along with the material literature provided by CRDEC were oumerous samples of
candidate materials. A large number of these samples were included in the chemical agent testing
study of reference 6. The results of the material testing is presented in Appendix B. Because these
tesis were generally tun as screening tests and not to find 24-hour barrier materials, promising barries
candidates should be furtier investigated. For instance, Fluorel® (a flucroelastomer by 3IM) is shown
to provide 450+ minutes for HD and 400 minutes for GB when tested as:a 2.5-mil thick sample
coated on a slab of silicone (ref 4). When tested as a 75-mil thick sample, it provided 430+ minutes
to breakthrough for both HD and GB.(ref D) Further testing is required to better define the
permeation resistance. The 75-mil thick sample datz doesn’t provide much knowledge on permeation
resistance since the test was stopped before the data points could be cvtained. As discussed above,
doubling the material thickness could possibly double or quadruple the breakthrough time. These
tests results cannot be used to establish this type of relation between permeation and material
thickness, Conducting thorough testing of the good candidates should include several material
thickness data points relative to breakthrough time and complete documentation of the test and test
sample. This detailed information will be invaluable for future protective clothing developers, since
the matesial thickness cao be optimized. For instance, a Fluorel® hood having a thickness of S mils
might provide good stresch properties while increasing the breakthrough time by a factor of 2 or 4 (if
a square relation). The minimum material thickness can be selectzd to provide desired strength,
stretchiness, and barrier properties. Th's example is only presented to show the benefits of detailed
dam and not based on the physical properties of Fluorel® or to imply that S-mil thick Fluorel could
meet the LPM hood requirements,

In the LPM, chemical barriers are needed for the facepiece, hood, lenses, and any
materials passing through the hood/facepier?, such as aa exhaust check valve holder and lens holder.
A materials search was conducted, based on the literatur: and materials provided by CRDEC and
other sources, to identify materials for prototyping these components.

3.2 Impermeable Materials

A pumber of impermeable materials were identified where both chemical agent liquid
and vapor penetration is resisted. The impermeable materials include coated fabric, non-fabric films,
elastomeric materials, and other coatings.
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3211 Coated-Fabric Materials

A fluoropelymer aod Nomex® laminate was ideatified which is presendy being pmduc:t'd
by Chemical Fabrics Corporation.(ref 13) This fluoropoiymer coating is proprietary and is believed
to be a PTFE (e.g., Teflon®). Challenger 5200, a fluoropolymer/Nomex? laminate also produced t.y
Chemical Fabrics Corp., was previously tested for chemical agent yermeation of HD by CRDEC. (ref
6) This material provided a breakthrough time of 432 mimtes and was determined 00 Stiff for a
conformal hood design by CRDEC, Chemfab New York, the division which markets the fabric
laminates, was cont cted for newly developed materials which might be applicable to the LPM houd
or facepiece. The following information regarding these materials (except for opinions of durability
and drapability) was provided by Chemfab.(ref 16)

Chemical Fabrics Corp. does manufacturer some basic chemical barrier materials,
Material sampies were provided to Battelle, including:

Chemlam X-22  Kevlar® with fluoropolymer on both sides, The material is siiff, but
seems durable. Both sides are gray in color.

Challenge 4000  Nomex® with {luoropolymer on one side. The material seems fairly
drapable. The costed side is orange in coloc and the uncoated side
white in color.

Challenge 5000  Nomex® with fluoropolymer oa both sides. The material seems not
as drapable than the Challenge 4000, but seems more durable than

. the latter material. One coated side is orange in color and the other
coated side tan in color.
MD-3 Fiberglass with fluoropolymer on both sides. The material seens
fairly drapable and durable. The material is noisy when crumpled.
CP1-3 Fibergiass with fluoropolymer on both sides, heavier fiberglass (i.e.,

ounces per square yard) than MD-3. The material seems more
duradle than the MD-3, but not as drapable as the lanter. Both sides
of the maeerial are black in color and it also generates noise when

crumplod.
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The standard laminates of Kevlar®, Nomex®, and fiberglass are either lame resistant or
self-extinguishing. The fiberglass laminates are fracture seasitive since the glass fibers are relatively

onule. If the fibergiass laminate is folded over into a tight crease, the fibers will fracture and the
laminate will easilv tear. Also once a tear is initiated, tension ferpendicular to the tear easily
propagates the tear,

Originally, Chemical Fabtrics Corp. could only coat the fluoropolymer on fabrics, such
as Kevlar®, Nomex?, and fiberglass, which could withstasd high temperatures. Only recentiy have
they started to place fluoropolymer on low temperature fabrics, such as aylon and polyester. Some
coated materials currently under development by Chemical Fabrics Corp. were supplied to Bartelle,

including.

STR 080691 N Nylon with fluoropolymer on one side. The nylon is about 3 oz/yd?
and the fluoropolymer has a thickness of about 1 mil. The material
seems somewhat drapable and durable. The coated side has a zhiny
green color and a dull light green color on the nylon side. This
material does not seem to produce as much noise when crumplod as
the fibergiass laminates.

STRO7C191 A Nylon with fluoropolymer oa both sides. This material is not as
drapable as the nylon with fluoropolymer on only one side, but it
seems more durable than the latter. Both sides of the material are
shiny greea in color.

STR 090591-D  Polyester with fluorcpolymer oa ons side. This material seems more

drapable than the nylon coated with flucropolymer on one side, but

00t as durable 23 the Jatter. The coated side is shiny green in color
while the non-fluoropolymer side is light green in color. Noise is
generated as the material is crumpled.

Polyester with fluoropolymer on both sides. This material seems

less drapable than the polyester coated with fluoropolymer on one

side, but more durable than the latter. Both sides are shiny green in
color. Noise is generated as the material is crumpled.
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Chemfab provided chemical agent test data for HD to Baitelle for the nylon and
fluoropolymer laminates .(ref 16) This liquid agent contamination/vapor penetration (LAC/VD)
testing was reportedly performed in sccordance with CRDECSP-44010. The nylon with
fluoropolymer on one side (STRO 70181B) had HD exposed to the aylon side and resulted in a
breakthrough time of about 20 hours. When exposing the nylon side of this material to HD, the
aylon absorbed the HD and swelled. After evaporation of the HD, the plgysical properties of the
original material were regained ('.¢, any degradation of material properties are not permanent).

When testing the nylon coated with fluoropolymer on both sides with HD, the breakthrough vapors
were bolow detectable fevels of 0.75 pg/em?® for 72 hours. Decontaminating the exposed nylon side
of HD using DS-2 resulted in only 2% of the agent being recoversd following the decontamination.

The Keviar®, Nomex?®, and fiberglass laminates can be readily heat sealed together sincs
these substrates can withstand the high temperatures required to heat seal the fluoropolymer (about
500° 10 700 °F). The heat seals can be formed by heating aluminum blocks to the proper
temperature and pressing the laminates together between the heated blocks using hydraulic or
pneurnatic cylinders. Custom-designed aluminum blocks for heat sealing curved hood pieces could be
made. However, the nylon and polyester laminates can't be heat sealed on the flucropolymer coated
side since thete fabric substrates will meit at the high temperatures. The nylon with fluoropolymer on
one side can only be heat sealed on the noa-flucropolymer side only because this side of the laminate
is coated with a polyraer which can be heat sealed at temperatures of about 350°F. Chemfab is
presently deve'oping methods of heat sealing the nylon and polyester laminates by adding
fluoropolymer coatings to the barrier coated sides which would allow these sides to be heat sealed at
the lowez temperatures. A sample of a heat seal covered with sealing tape was provided to Bartelle
where the polyester substrate was coated with the heat sealing fluoropolymer. However, the chemical
barrier fluoropolymer coatings were not applied to this sample. Chemfab has expressed interest in
fabricating heat sealed hoods for prototypes and is also interested in developing other materials,
inctuding a fluoropolymer/polymer laminate where the laminate would be thermoformable and the
thin fluoropolymer would stretch during forming.

Some initial testing was performed on thres Chemfab materials by CRDEC.(ref 17) The
testing was a standard liquid/vapor chemical agent penetration test for HD. The tested matecials wens
STR 090591-D (167 minutes), MD-3 (69 minutes), and Challenge 4000 (76 minutes). These samples
may have been handled roughly which could have shortened the breakthrough time. Other historical
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factois of these samples were not known. Although this test data is important, additional ‘vell-
documexted (esting may be warranted.

Barricade? is a multilayer fabric produced by Du Poat for use in protective aoparel.
Barricade? is available in vellow and green colors.(ref 18) This matecial provides over 20 hours of
breakthrough time for HD.(ref 6) A large sample of Barricade® was given to Barelle for evaluation.
This material seems strong and durable, but it is very stiff and would not Jikely make 1 conformal
hond or facepiece. Barricade® was not considered for us: in the LPM prototypes althcugh it was
usad in the fabric hood mockup as the facepiece,

Tyvek®/Saranex® 23-P is a laminate of DuPont’s Tyvek® and Dow Chemical’s Saranex®
23-P film.(ref 18) This laminate is produced for use in chemical protective clothing. No sample was
specifically obtained by Battelle; however, the literature states that a two-ply version of this laminate
is available. For a number of the chemicals shown in the literature, the two-ply version increases the
chemical oreakthrough time by a factor of about § to 6 times, For some chemicals, this factor is as

high as 10 or mere.
3.2.1.2 Non-Fabric Films

Saran® is 2 good permeation barrier produced by Dow Chemical Co. Saranex® is 3
laminate of Saran® sandwiched by low density poiycthylene (LDPE) and ethylene vinyl acetate (EVA)
also produced by Dow Chemical Co. The Saranex® film generally comes in thickness of about 3 to 4
mils with the lacter thickness obtained by Bautelle for evaluation. It was “ecided that Saranex® would
likely not be strong enough for 2 facepiece or hood by itself. Szran® fum having a 6-mil thickness
was obtained for evaluation by Batteile. Although this film is thia, the sweagth properties were
approaching that acceptablz for LPM prototyping. Both of these materiais can be thermoformed and
heat sealed. However, the 6-mil thick Saran® could not be thermoformed successfully during testing
at Battelle. After discussions with the supplier, it was determined that this material was fabricated by
2 blown film method which orients the materia! (i.e., frozen-in stretch). The resulting material is not
thermoformable. (ref 19) Saran® is thermoformable whea produced by casting, but 3 sample source
could not be identified for Saran® in thicknesses of 6 mils or greater. Saran® was aiso not
recommended 13 2 multiple use item for chemical agent protection, but it could be used as 2
disposable item. (ref 19)
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Teflon® is a chemical resistant material produced by Du Pont. Variations of this
material in thicknesses of | il have provided chemical agent breakthrough times for HD in excess of
24 hours (refer to Appendix B). Teflon? is very strong and flexible (in thin films), but it is not
stretchy. Teflon® FEP, besides being very transparent, can be thermoformed and heat sealed.
However, adhesives generally will not bond to this material unless the surface is first treated, such as
a corona ieatment or a chemisal etching. Chemfab has produced visors for protective clothing from
10-mii thick Teflon® FEP.(ref 20) However, their experience is that FEP stress whitens, followed by
cracking, if it is folded repeatedly.

Kratoa® is a flexible and stretchy thermoplastic elastomer procuced by Sheil Chemical
Co.(ref 4) 1t is soft to the skin and can be blow-molded into a foam. Although it alone does oot
provide a good chemical barrier, it ught possibly be used in a laminate with a good chemical barrier
which could then be thermoformed and heat sealed. A commercially available Kraton® laminate
which could meet this description was not identified, but it may be possible to develop this laminate,

3.2.1.3 Elastomeric Materials

Elastomeric materials could be used to forms a2 hood and facepiece. However, stretchy
elastomers generally do not provide good chemical agent permeation resistance due to the same
properties that provide the high degrez of stretch, Fort increased strength, elastomers are formed onto
fabric substrates. These substrates, in many cases, limit the stretch of the elastomer t0 prevent the
material from exceeding its allowable tensile stress (i.e., rupture).

Two latexes were found to provide over 20 hours before breakthrough of HD during
previous testing.(ref 6) These latexes were formed by evenly mixing Butyl Latex BL-100 (Appendix
D, no. 32) with natural rubber latex 104L, (Firestone), and by evenly mixing polyisobutylene iatex
(PIB-500) with natural rubber latex 104L. The samples provided by CRDEC were stretchy, but very
tacky. BL-100 aod natural rubber latex 1041 were obtained by Battelle for dip-coat testing. This
testing resulted in samples with only minimal tear strength and was et incorporated into a hood/mask
prototype. Tae latex compounding and testing is presented in Appendix F.

A fluoropolymer iatex, TN Latex (Appendix D, ro. 33) was obained by Battelle for
dip-coat testing. However, due to the unpromising agent test results of reference §, no testing with
this latex was performed.
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A polyvinylidene chloride (i.e., Saran®-lik. ~mulsion coating call.d Daran® was
obtained by Barttelle.(ref 21) This emulsion can be applied to provide a thin-film high barrier coating
to papsr, paperboard, and plastics. Although it actually is a thin coating, it is presented in this
section since it is similar to the latexes, Some types of Daran® can be heat sealed while others can be
used as a laminating achesive. The applied Daran® can be air dried or oven dried. (ref 22) It should
cure as an optically clear film; the presence of haze indicates water or other contaminznt. Some
samples were made where the Daran® was brushed onto thermoformed Kraton® and onto a
nylon/Lycra® fabric hood without success. Both samples resulted in hazy coatings. The Daran® did
not adhere to the Kraton®, possibly due to the preseace of contaminants or because a primer may be
needed for bonding. The Daran® also did not bond well to the fabric hood and it made the fabric
very stiff, i

Kalrez? is a perfluoroelastomer which combines the chemical resistance ot Teflon®
PTFE with the resilience of rubber. Kairez® is produced by Du Pont. It is fabricated by
compression molding or calendaring/extrusion methods; it can not be fabricated by injection molding,
dip molding, laminating, or coating processes.(ref 23) In addition, Kalrez® bonds poorly and is not
recommended for stitching or taping seams. Kalrer® does provide 13nre than 20 hours breakthrough
time for HD.(ref 5) A sample was provided by CRDEC which was \ery stretchy and strong. The

biggest disadvantage of Kairez® is the high cost and availability. The largest size which can be made
at the present is 6 inches by 24 inches. A C.010-inch thick sample of this size would cost abovt
$700.(ref 23) After some development work, large quactities (i.e., 100,000 pieces) of 24-inch by 24-
inch sheets may cost between $1500 and $2000 each.

3.2.14 Coatings

A gumber of material samples were obtained by Battelle from CQ Corporation. These
materials consist of laminates where 2 foil layer is sandwiched by fabric layers. In general, foil
layers provide excellent barrier properties, but these samples seemed to have pin-heles, either due o
the fabrication process or lack of quality control. On some samples, the outer fabric would stretch so
that excessive teasile stress would be applied to the foil layer, thus resulting in failure of the barrier.
These materials had been tested by CRDEC for chemical agent permeation of HD and did not provide
good barriers.(ref 6) Therefore, they were not considered for LPM prototypiog.

15

S




A stuly was performed to investigate potential use of metunized lew density polyethylene
(LDPE) film 1n chemical protective clothing.(ref 24) The thickness of aluminum on the LDPE film
was about 500 Angsroms. A probiem with applying thin metalized film is that the aluminum in l
usually not 100 percent continuous, resulcing in pinholes. The permeation rate may be significantly
teduced by the metalized filin, but the pinholes may eliminate any increase in the breakthrough time. l
Two layers of 1renalized film could be laminated together by bonding the two metal films together.
Therefors, the pinholes will likely not align togsther. Testing found that the single metalized filnys !
increased th: breakthrough times by a factor of about 4 over the non-metalized substrates. However,
metalized filia samoales which were hand crinkled $ iimes before testing Jid not show any

d

i
improvement over the con-metalized sainples,
DMarylene conformal coating consisi of a polymer series (para-xylylenes) developed by l
Union Carbide: Corpuratioa.(ref 25) Parylene is a transparent coating applied by vapor deposition 2
pressure of about 0.1 torr and at room temperature. Beczuse it is applied in a gaseous phase, the I
coating occurs on all surfaces exposed to the vapor. The Parylene molecules are simultancously
absorbed and polymerized on the substrate surface. The resulting bond is a mechanical bond and is I
not due to0 a chemical reaction, allowing it to be applied to any number of materials. Common
coating thickness, depending upoa the substrate material, range from 0.1 microns to 0.002 inches. t l
Parylene is commonly used to conformal coat prizted circuit boards in accordance with MIL-I- ’
46058C. In addition, it is used to coat voicemitters of the M17 proteciive mask to provide protection
against the decontamiaant DS-2. l
A nuinber of material samples were submitted t» Nov~ Tran Corporation for coating
with Paryleae.(ref 26) The size of the samples ware limited to about § inches by 6 inches due to the ! l
size of the vapor deposition chamber available. Boch fabric and polymer films were submitted, ,
A
i
i
i
i
i
i

including:

s Fabric, Lycra®/nylon blend
L Woven cloth, 4% poiyzsier and 50% cotton
. Aliphatic urethane, 0.060 inches thick

- 60 Shore A

~ 30 Shore A

~ 50 ShoreD
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° Kraton®, 0.007 Inches thick
° Kraton®/PE blend, 0.020 Inches thick
. PET, 0.005 (nches thick

The Lycra®/nylon material was provided as unstretched and stretched (20 percenx) to
determine if the fabric could be coated in a stretched configuration and ¢.em relaxed to the original
dimensions. This approach sssumed the coating to the seretched fabric would provide s continuous
coating while providing s chemical barrier which would be stretchy (Parylene film by itself is not
stretchy), Both the Lycra®/nylon and the polyestsr/cotton fabrics wers coated oa both sides with
coating thicknesses of 2um (0,00008 inches) and 0.0008 Inches. All of the costed fabric samples
were f2irly stiff and air could be exhaled through them. The pre-stretched Lycra®/nylon samples did
not relax to tie original dimensions; they were “locked” into their stretched shape. The samples
having 3 coating thickness of 0.0005 Inches were fairly stiff; however, the Parylens did not seem to
crack when the samples wers geatly folded.

The polymer flims were costed oa both sides with costing thicknesses of 0.0005 20d
0.001 inches. As the substrates were flexed, tho flims would separate from the substrate and fll! with
air although the coatings did remain & ms intact film. The stiffer polymers, bocs the 50 Shore D
dliphatic urethane snd the PET did resist delaminstion. However, this is more jikely due to these
samples having a greater resistance to bending than the other samples.

Coating plastic flims with glass (silicon dioxios) is nder current developroent for use In
the food and medical packaging spplications.(ref 27) The glass can be applied to the plastic film by
vacuum deposition or by dectron-beam deposition to s thickness betwesa 500 and 1000 Angstroms.
At this thickaess, the basrier is maintained waile the brittieness is eliminated. In sddition to the
barrier properties, the glass provides optical clarity. When used i a lamination which must resist
sbrasion, it is recommended that the giass layer be sandwiched betweon two Isyers of plastic film.
Extreme flexing may aJs0 crack the glass coating.

Another glass-coating techrology being developed is a quartz-iiks conting, QLP®,
applied to plastic food packing containers, such as plastic sof. drink botties.(ref 28) Currendy this
coating Is being appiied to rigid (1.e., stiff) plastic containers. The coatiag thickness is about 1000
Angstroms and It Is optically clear. This costing has ncressed permestion realstance sbout 3.7 times
over non-coated samples, Durabilicy testing was conducted whers the coated plastic bonies were
pressed flat, by hand, 20 times after which they wers blown back to their original shepes. These
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samples were then tested and found to have lost only about 20 percent of tneir barrier properties.
Two coated soft drink botles were provided to Bantelle for evaluation. Cne coated bottie ws: pressed
flat by hand with no apparent “racking, Because the QL ¥ coating requires 2 stiff substrate, it may
be useful 10 the LPM as 2 lens coating. However, this coating was not considered for use in the hood
or facepiecs design.

322 Semi-Permeable/Carbon Materials

Semi+ meable materials (alsn referred to as breathable sr porous materiais) are
benefizial to chemical prutective clothing tecause they allow water vapor to pass through the chemical
barrier while minimizing chemical agent permestion. In general, these materials consist of a liquid
barrier and a chemical vapor absorption material (i.e. activated carbon). Hy allowing water vapor to
pass from the wearer, through it chemical barrier, the physiological burden on the wearer is
reduced.

.
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Military chemical protection clothing is currently available which uses Quarpel-treated
cloth, such a nylop, 2s zn outer liquid barrier and 22 inner carbondoaded clcth layer (produced by
Blicher) for gas absorption. The military suit compesits has & carbon loading of 130 gms/m? and has
reportadly passed chemical agenk falling drop tests with only 0.1 pg/cm? of agent penetating in 24
hours.(cef 29) Blicher also produces 3 soft cotton material loaded with carbon sphetes of various
carbcn loadings. This material is referred to as pajama (#5) cloth where PI11 ks a carbon loading of
150 gms/m? and PI7 has a carboa loading of 180 gms/m2. This counposits material can be fabricated
into & hood by sewir.g the carbon layer directly to the Quarpei-treated cloth and then sewing the
combiped fabsics into a hood. The seams will have a double thickness, but the double thickness of
carbon will provids additional gas shsomiion & Lis seams. A thermoplastic tape can also be heat
applied to the seams. Oue concern abowt the semi-permesble chaiical barrinrs is the application of
pressure to liquid agents oa the liquid basrier. Appiying preasuve to liquid chemical agents could
forcs the liquid through the liquid barrier material and excessively load the carbon layer. An
impermeable material ecuid be applied, like a patch, over the liguid barrier ia areas where pressure
cootact is likely.
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Another type of liquid barrier material which allows waier vapor penetration is 2 porous
fluoropolymer membrane (2.g., expanded Teflon®, ePTFE) comarordy used in sport clothing, such a
GORE-TEX? produced by W.L. Gore & Associates. Combining this iype of liquid barrier with a
carbon-luaded layer could form a compos:te material useful in the LFM design.

3.23 Lens Materials and Coatings

Virious lens materials could be implementad into the LPM dusign.(ref’s 4 and §) Rigid
lenses could best be made fro 2 polycarbonate and hardcoated for sbrasion and chemical permeation
tesistance. Flexible lens r aerials include aliphatic urethanes and a trazsparent EPDM previously
deveicped by Battelle. As discussed in Section 3.4.1.1, impact-resist2 = polycarbonate rigid lenses
with a bardcoating was selected as the lens design for the LPM. Therefore, flexible I»ns materials
were not investigated.

33 Initial Mockup Fabrication

An initial design was generated based « a the literature provided at the boginning of the
program. Feedback was obtaiced from CRDEC &t the first progress review mesting. This fesdback
was used to refine the itial design and 10 fabricate “rough™ mockaps of some mazk components.
Thesc mockups were made o test and eval~an: ideas while also providing actual piecas for
communicaiing design suggestions.

331 Initial Design
The initial design was based oa 2 sumber of assumptioas snd goals, inciuding:
. The mask was to be low profile and lightweight. To heip mest this goal, the primary
lenses were assumed (0 be attached into a lens holder us: | adbdesives or insert molded;

a mechanical attachment/detachment method was not envisioned due to the likely larger
volume and weight.

19

o A1 g P hp oo A w e o e -
0 14 e AR Jr o e oL o

It Sy

W

RN

e
%
5]
f“j
E
3
3
*
N
%
'f;;‘
W
%3
-
X

ST 4

I3




A K PRV R A st b5 R T

-

L

v

IR sbver it ST

1

A

PR ;ﬁ:-ﬁ;.i B e

LTS Sopbmtt. o anen

. The components should be designed for multiple uses to reduce the number of
components and thus the overall size of the mask. For instance, the primary lens would
be made out of rigid polycarbonate having a hardcoating instead of a flexible lens, This
lens design would provide chemical agent protection while also providing ballistic
protection. A'so, the chemical barrier hood/facepiec? should be made from a stretchy
material allowing the hood 2nd suspension to be integral. This stretchy barrier could
also reduce the need for a peripherd face seal by tightly ﬁtzi.ng to the face.

. Rectangular shaped inhalation and exhalation check valves might provide a lower profile
than the standard round check valves without increasing the flow resistance.

. A voicemitter was to be included into the mask.

‘The drawings of the initial design arc presented in Figures 2 and 3. Figure 2 shows the
compon :nts basically hidden by the facepiece and hood, including the primary lenses and the air
management components. Air inlet ducts, mounted on each sir> ¢t e head, transfer air from the
filtess to the lens area for defogging purposes. The air then flows through a duct, a rectangulac
inhalation check valve mounted in a nose/mouth seal, and into the mouth area. The exhaust check
valve is suspended from the facepiece which is not shown. The filter assembly is constructed of
individual filter packets to facilitate folding of the filter assembly for storage. The filter ducts join a
common coanector which is not directly conrected to the air inlet ducts. This design is o
accommodate an optional blower for breathing assist. If a blower is not availzble, the two snap-fic
connections would be joined with by a coupling duct which is not shown. Figure 3 shows the
exterior features of the LPM. The front view includes a helmet which shows that the air inlet ducts
mounted to the side of the head would not be pinched by the helmet chin strap and that the absence of
a bulky nosecup does not inhibit the proper use of the chin sirap.

33.2 Mockup and Testing

Injtial mockup fabrication and testing was completed to determine basic properties of
some component designs. Testing included measuring the air flow resistance of elastomeric tubes and
check valves. Mockups weve made of a dip-coat elastomeric mask and 2 ron-strechy fabric mask,
including some initial lens designs,
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3.3.21 Duct Pressure Drop Testing

To determine approximate duct flow areas to provide minimal pressure drops, initial
testing was made to measure the pressure drops through tubes of various diameters, Other
requirements of the LPM air ducts are that they are to be foldable and yet not collapse under slight
vacuum pressures. Since the air ducts would likely be made from an elastomeric material to meet the
foldability requirements, an effort was made to determine the effect of fri::tion on the air flow through
the tubes. Several types of materials were tested, including Tygon tubing, polypropylene tubing, and
copper tubing. The copper tubing was tested as a control since it has a very smooth inner surface
which minimizes the friction loss. Internal tube diameters tested were 0.25 inches, 0.38 inches, and
0.50 inches. The results of this tes:ing are shown in Figures 4 through 6.

The pressure drop through a 0.375-inch inside diameter tube is approximately {0 mm
H,0 per 2 feet of tube length (i.e, 5 mm H,0 per foot of leagth) for a flow rate of 42 Ipm. This
flow rate was used as the design flow rate since two tubes would likely be used in the LPM; one tube
for each side of the face. The pressure drop through a 0.50-inch inside diameter tube is about 3 mm
H,0 for a 2-foot length (i.e., 1.5 mm H,0 per foot of length) at a flow rate of 42 Ipm. The cross-
sectional area of the tube having a 0.38-inch inside asameter is 0.11 in? while that for the 0.50-inch
inside diameter tube is 0.20 ic2. Because the air injet ducts are expected o be only about one foot
long each and 1.5 mm H,0 is a small percentage of the overall expected pressure drop during
inhalation, 0.20 in® was selected as the design goal for air flow cross-sections. A duct for
transferving air from the ienses to the mouth arca could have a smaller cross-sectional area without 4
significant increase in flow resistance since the length is very short. A slight increase in pressure
drop will likely occur for the design goal area if the cross-section of the duct is non-circular since the
contact area will be larger (i.e., the cross-sectional perimeter will be larger). Also, tight bends in the
ducts will also increase the pressure drop.

3322 Check Valves
A number of current military check valve assemblies were provided by CRDEC,

including the C1S and C23. These check valves are shown in Figurz 7, along with a commercially
available spiral check valve (Rudoiph valve) and flat flapper valve (Survivair).
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All of the check valves used in protective masks seemed to be round designs. This
uniformity in design could be the result of better performance and simplicity of manufacturing. Since
a basic LPM requirement is for 2 low profile, using a rectangular check valve design was
investigated. The basic principle of the flapper check vaive is that air pressure is uniformly
distributed or. “\e flapper surface which acts like a cantilevered beam; the fapper is supported at the
centes and the unsupported eod detlects to open up a flow path. The amouc: of pressure oeeded
provide a specific amount of air flow is propostional to the beam stiffness and the beam width. The
beam stiffness is a function of the material stiffness, the beam thickness, and the length of the beam
to the fourth power, Because the length of the beam has such a large impact on the force required, it
was felt that 2 hinged rectangular check valve having a hinge length longer than the radius of 2
comparable round check valve could provide comparable or less pressure drop while providing a
smaller profile. A rectangular check valve design compared to U:e C23 check valve is shown in
Figure 8. The rectangular check valve could also be placed perpendicular to the air flow which can
provide 2 smoother flow path, where the round check vaive would have to be placed almost parallel
to the flew path to achieve 2 low profile. To test the performance of rectangular check valves, the
check valves presented in Figure 9 were fabricated: a flapper attached with twao pins resuiting in 2
smal! flapper radius, a hinged flapper on a flat check valve seat, and a hinged flapper on a curved
check valve seat. The pressure drop across these rectangular check vaives are shown in Figure 10.
Although the pressure drop across the flat hinged design is lower than the curved hinged design, ae
forme did not effectively seal when exposed to backpressure. The slight curve on the curved hinged
check valve seat tends to prestress the flapper into the closed pesition. This latter design can be
found in Appeadix C with test results compared to the C23 check valve shown in Figure 1.

CRDEC provided a test report to Battelle on various check valve designs (ref 12) along
with samples of some check valves which they have found to provide the best performance, For the
exhaust check valve, it was suggested that Battelle use a convoluted design made of silicons rubber.
Two versions of the check valve flapper were provided to Bareile: the first flapper design used a pin
for attachiag (refer to Figure 12) while the second, and preferred, design snaps over a post on the
check valve seat (refer to Figure 13). Although silicone rubber doesa't provide a good chemical
barrier, a cover placed over the check vaive prevents liguid chemical agent from falling directly on
the silicone flapper. In addition, the cover provides 3 dead air space which is flushed with “clean”
exhaled air. A dimensioned drawing of the convoluted checl valve seat having the pos attachment
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Xc},xk Valve Seat - Nose/Mouth Seal
Hinge Along T
Facepiece +Hnge Along Top
A AN S SA NS S A S IS S OSSO SN NNSNY
Check
Valve
Flapper Seat A
Perimeter = 2.9 in Perimeter= 1.5 in
Radius = .48 in Hinge Length=0.62 in
Existing C23 Check Valve Low Profile CheckValve
Stown in Housing
Scale: Full

FIGURE 8. PROPOSED LOW PROFILE CHECK VALVE DESIGN

was provided to Bzttelle and can be found in Appendix C. For the inhalation check valve, CRDEC
suggestad using the existing C23 check valve.

3.3.23 Nose/Mouth Cup Seal

Suspension of the inhalation: check valves in 2 nose/mouth seal as initially envisioned in
Figure 2 was investigated. Mounting the inhalation check valves independent of the lens holders was
felt t0 provide better folding properties. Some initial ideas were scuipted on 2 headform to suspend
both the inhalation and exhalation check valves using the C23 check valve, The headform used was
provided by CRDEC. Each concept was scuipted on only one side of the face to reduce the time
required. Photographs were then taken of each concept; however, for clarity purposes, the
photographs were reduced to line drawings. The primary functions of the nose/mouth seal are:
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. To form a breathing compartment which would not exceed 2 volume of 50 milliliters to
minirnize CO, buildup (ref 12)

. To seal the lens compartment from exhaust air, thus preventing moist exhaled zir from
condensing on the lenses and preventing exhausted CO, from contaminating iahaled air.

. To oot interfere with the wearer’s mouth movement which could imypede speech.

Az open nosecup design, concept A, is shown in Figure 14..1'heopenﬁ‘ommducathe
nosecup weight without greatly imneding speech, but soms billowing could occur during inhalation.
The inhalation check valves, 23 cueck valves, are parallel to the face and are enclosed by the
cosecup, positively furming an inhalation flow path. The facepiecs would be bonded to the nosecup
to complete the chemical barrier. ‘The exhaiation check valve would be mounted directly to the
facepiece.

Nosecup concept B i3 presented in Figure 15, This closed design provides a positive
standoff from the mouth wiich should oot billow. The C23 inhalation check valves are not
encapsulated by the aosecup and if the facepiece is noe stiff encugh, billowing could occur during
inhalation. Besides generating a distracting noise, billowing would reduce the flow path size and
increase the pressure drop. The C23 exhalation check vaives are mounted to the zosecup. Two
exhalation check valves are used to reduce the profile, but tw covers wouid be needed to isolate
these flappers from chemical agents.

Nosecup coocepts C and D are shown in Figare 16. To provide a smaller nosecup size,
the C23 inhalat.on check valves were mounted pzrallel to the side of the nose. Concept C is an open
design with the inhalation check valve ok enclosed by the nosecup. This mounting design could
cause billowing of the facepiece which could result in the flow path being reduced and the pressure
drop incteased. The C23 exhalaion check valve is mounted to the nosecup. The suandoff in froat of
the mouth is open to minimize the degradai.un of speech transmittance. Concepe D is like concepe C
except that the inhalation check vaive is enclosed by the nosecup to preciude billowing.

3324 Headform Fabrication

As mentioned in the previous section, 2 headform was provided by CRDEC. However,
the specifications of this beadform in terms of 2 50 percentile male were not known. Therefore, a
headform of the front haif of human head was made to best meet 2 50 percentile male head. The 50
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percentile head dimensions were based on the averages of several inthropometric studies of similar
populatioas and available headforms. The primary study used was Sased on a survey of U.S. Air
Force personnel (ref 30). Reference 30 contains data from other studies of U. S. Army infantry
troops, armored personnel, and aviators. MIL-STD-1472C was also consulted for anthropometric
data which included a category for ground troops.(ref 31} A basic headform was then cast of a
Bartelle employee approximating the SO percentile male data. Some measurements of this headfor:.
are presented in Appendix C along with some compacable dimensions.

To cast the basic headtorm, the subject’s hair was covered with 2 bald wig piece and the
eyebrows were coated with petroleum jelly. These measures were necessary to be able to reiease the
subject from the mold. A quick-curing replicating material, Algi-Cast (Appendix D, no. 17), was
mixed for use and applied as the subject’s eyes and mouth were kept closed. The nasal passages were
kept open for breathing purposes. The Algi-Crst was applied carefully to preciude trapping air and to
replicate as much detail as possible. The Algi-Cast mold was then reinforced with plaster 2nd quick-
setting plaster bandages geaeraily used for forming casts on broken bones. Because Algi-Cast is
made from dry seaweed and will break down over time, 3 positive mold was then made with a
permanent material. A female casting mold was then made of the permanent positive so that 2
number of headforms could be cast. The final headform is presented in Figure 17,
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31328 Elastomeric Hood

A hood was fahricated from flat sheets of neoprene having a thickness of about 16 mils
(0.016 inches). The neoprene was used to simulate Kalrez? (refer to Section 3.2.1.3) which was
founc to be a good chemical agent barrier. Edge joints were made by applying adhesive to neoprene
strips placed on top of adjacent rubber pieces. This hood was oot integrated with lenses or air
management components, since this bood was basically made to get a feel for the characteristics of an
elastic hood and facepiece. Kajrez® was initizlly being investigated because of its excellent chemical
properties. However, as the cost of Kalrez® becane known, it was determined that a cost-effective
mask could not be made from this material in the near future. Development of the neoprene hood did
result in a pattern for making a tight-fitting hood out of flat rubber sheet.

3.3.26 Dip-Coated Mast Mockup

A mockup was made to explore the dip-coated mask concept. This mockup, shown in
Figure 18, included u urethane/fabric substrate hood and facepiece, a suspension, two primary leases,
a silicone lens holder, and Tygon tubing for air flow. The lenses and lens holder were taken from a
SCUBA diving mask. The flat, glass lenses were replaced with acrylic lenses having the same area as
the glass lenses and a thickness of 0.12 inches. The lens holder was a one-piece silicone rubber part
with 2 nose cover. A fabric hocd made of stretchy nylon/Lycra® was used as a substrate for the
urethare coating. The urethane, Flexane Brushable Urethane (Appendix D, no. 25), was a brushable
grade mixed with a flexing agent, Flex-Add (Appendix D, no. 26), which resuited in 2 hardness of
about 55 Shere A. The intent of coating a flexible fabric with a stretchy elastomer was to integrate
the facepiece, hood, and suspension into one piece. To facilitate donning and doffing while still
providing a tight, conformal fit, pleats were placed at the back corners of the head. Tygon tubes
were piaced on the side of the head and into the outer sides of the leas holder. The coastruction of |
this mockup was as follows: ‘

¢ The nylon/Lycra® fabric hood was fabricated by sewing two halves together with the ‘
seam running from the vertical center of the face to the back of the neck. This fabric |
hood was placed on the headform.

. Triangular piastic forms were attached in the back corners of the headform for
generating the pleats. These forms were placed on top of the fabric hood.
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FIGURE 18. DIP-COATEL MASK MOCKLUP

The lens holder and leases were placad on the headform.

Two Tygon tubes, 0.38 inches inside diameter, were antached to the tabric houd 1o duct
Jir trom the Jhest 2rea to the outer sides of the lens holder.

The aurvlic lenses were masked off,

Nylon Lyera® tabric was finted and antached 10 the Tygon wbing and the nose cover of
the fens holder to form a nosecup.

The Flexane Urethane was mixed with the Flex-Add and brushed onto the fabric hood
and over the silicone lens holder. Because of the relanvely short pot life of the
urethane, only one, refatively tick coat (about 3 06 inches thick) of urethane was
dpplied.

After the mask was cured. air holes were punched in the lower part of the lens holder
tor inhaling wir. The inner laver of tabric howd in the nosecup ond insidz the lens holder
Wiy remos ed.

To complete the care of the urethane and t. luce the tack. the mask was baked in an

oven 3t about 120°F tor several hours.,
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The principle of the adjustment plears seemed to work; however, the pleat forms were
pla. d on top of the fabric substrate, instead of under the fabric. The pleat forms also had relatively
sharp corners which were not coated very well by the urethane; therefore, the urethane coating ripped
faisly easily at the pleat linzs. The pleats would have worked better if they did oot contain sharp
corners and if the fabric substrate covered the pleat forms 10 hetter support the urethane.

The lens shape and leas holder were borrowed from the dive mask to reduce the time
needed to construct the mockup. These lenses had a large eye relief and they didr.'t provide any

sideways vicion.
3.3.27 Fabric Hood Mask Mockup

Following the dip-coated mask mockup, another mockup was fabricated to simulate a
non-stretchy fabric hood and faczpiece design. This mockip, shown in Figure 19, used the same lens
holder and lenses as the dip-coared mask mockup with some chkanges. Inhalation check valve
assemblies of the rectangular design were placed in the lower half of the leas holder. Flat side lenses
were made of acrylic and arached tw the outer sides of the acrylic primary lenses. The silicone lens
holder was tailored to fit the new lenses by cutting and gluing. The bood was made from 2 non-
stretchy, flexible coared fabric while the facepiece was made from Bavicade® (ODuPoat) which is non-
stretchy and somewhat flexibie. A nylog ".ycra® fabric hood was used as the suspension. Tygon
tubing ducted air into the lenses and also formed a face seal about the face. A Survivair check valve
assembly was installed in front of the mouth for exhaling air.

Ta» ~rocedures used for fabricating this mockup were as followss:

. Two nylon/Lycra® fabric hoods were fabricated, Each hood was made by sewing two .
balves togesher with the seam running from the vertical center of the face to the back of
the neck.
o The acrylic front >~ side lenses were made (refer to Figure 19) using the patterns
presented in Appendix C. The side lenses were then glued ¢ he front lenses,
. The silicone iens holder was cut and glued to provide a goc  fit with the acrylic lenses
. Rectanguiar inhalation check valves (refer to Figure 20) were made where the check
valve seat was acrylic and the flapper was 16-mil thick neoprese. The dimensions of the
inhalation check valve are presented in Appendix C.
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FIGURE 19. FABRIC HOOD MASK MOCKUP
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FIGURE 20. RECUCED SIZE RECTANGULAR CHECK VALVE

The check valve assemblies were installed in the leas holder.

The fabric hood was formed by sewing the coated fabric according to the pattern
developed during the neoprene bood mockup. Like in the dip-coated mask mockup,
pleats to facilitate donning and doffing were added to the back comers of the head. The
bood only extended down to the shoulders dus to the limitations of the headform used.
One fabric hood was placed on the headform for use oaly 2s a construction aid.

The lenses and len holder were attached to ths fabric hood.

Ore Tygon tube, 0.38 inches inside diameter, was attached . urm 2 loop from the
chest area, over the lens holder, and back to the chest area. Another Tygon tube
connected one side of the loop to the other side, passing undernesth the chin. Together,
these two tubes formed 2 simulacd face seal/sir inlet duct.

The sacond fabric hood was placed over the lens holder and glued to the Tygon twbing,
thus forming the suspension. The facepiecs area of the suspension was cut out. The
suspension was placed on top of the “face seal” so that the teasion of the suspensioa
pulled the face seal down onto the face.

The Barricade® facepiece was cut w form the nosecup, stached with giue, and trimmed.
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. The fabric hood was placed on the headform and glued onto the suspension. The mask
mockup was then removed from the headform.

. The inner fabric hood was cut away from the mask and removed.

. A hole was cut in the Barricade® facepiece and the Survivair® check valve assembly
installed.

. Holes were punched in the top of the lens holder and through the Tygon tubing for
inhalation air.

The fit of the mask was basically good, but the lenses didn't provide sufficient field of
view. The comer formed by the intersection of the front and side leas panels aiso protruded too far
from the face. A redesign of the lenses would be required to min mize the eye relief and to decrease
the profile while increasing the overall field of view. Drawings were made of an improved design
where the front surface of the lenses had 2 very large radius of curvature (about 10 inches) with
smalier radii on the outer sides of the lenses for a wrap-around effect (refer to Figure 21). The
inhalation check valve assemblies were mounted to the lens holder. These assemblies were angied to
lower the profile, but this action resuits in a smaller flow path. Optical cocrection inserts of -9.00
and +8.75 diopters are shown in the cross-section view. Aithough the design was improved over the
flat lens design, the basic design did not seem capable of providing a low profile mask which could
be easily folded while minimizing air flow restrictions and being durable. Evea with the lower
profile of the large radius lenses, it was apparent that the lenses would be too large. Also, the
transition between the front and side lenses would be susceptible to bresking, such as that occurring at
the bridge of the singie-lens masks. Ths increased vertical height of the lens holder due to the check
valve assemblies would impede foiding for storage. Increasing the check valve cross-sectioual ares
only compromises the lens profile and the eye relief. The curvature of the face, especially at the chin
area, doesn't lend itself to a fabric facepiece. Pleats would hzve to be provided to accommodate the
sharp cusvaturs which would incresse the difficuity in sealing the seams. Heat sealing the facepiece
to the air management compoaents world be made more difficuit due to the raised portion of the
pleats. Bonding these components with adhesive could best be accomplished by using a “thick film”
adhesive which would seal around the pleat.
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333 Resuits of Mockups

~

The fabrication of the mockups generally idestified design concepts which should not be
pursued. For instance:

. The inhalation check valves should not be mouated directly to the leas holder
since the low profile lens is a direct contradiction to increased flow area (i.e.,
decreased flow resistance).

. The added weight of a nosecup seal is undesirable and would likely decrease the
ability to fold the LPM.

. Rectangular check valves show performance similar to the C23 check valves
tested; however, if the rectangular check vaive is located perpendicular to the
face, the low profile is negatively impacted. The rectangular check valve can be
angled relatively to the faca, but the flow path area is decreased which results in
higher flow resistancs.

] An elastomeric facepiece/huod design is advantageous because a stretchy hood can
provide better fit for 2 larger population size; however, adding 2 fabric substrats
or increasing the hood thickness for the durability or for chemical protectioa
required will decrease the stretchability.
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34 Prototype Generation And Fabrication

The lessons learned during the mockup stage were used to develop 2 prototype design.
The description of the design and fabrication for each component is preseated separately below; !
however, these components wese scuipted anu molded in parailel due to time considerations, Changes
which evolved in one component usuaily affected the adjacent componests. Also, the iricks learned
in molding ocoe component usually benefited the molding of the successive componeats. For
discussion purposes, the components are presented in the following groups:

A Lenses and lens bolder
L Air management componenats
¢ Filter assembly
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] Suspension
34. Lens System ard Lens Holder

The visibility provided by a protective mask is one of the primary characteristics on
which 2 mask is judged 10d accepted by the wearer. Vision acuir and field of view must be
maximized to easure that the soldier’s mission can be accomplished. Therefore, the lens system and
the lens holder were made the centerpiece of the LPM design with the other components designed 0
fit with tlie lens system. In the LPM, the leas system cunsists of primary leases for chemical

! protection, optical correction inserts, and laser protection outserts. The basic design requirements for
the lens system and lens holder are (refer to Appeadix A):
o Provide chemical protection for 24 hours
. Withstand deconraminants and other chemicals, such as fuel and oil
. Provide an interp-yillary distance of 57 mm (64 mm 2t the most) with the distance
between lences minimivad (ref 32)
. Provide an eye relief (the distance between the pupil and the inner sucface of the
primary lens) of stould optimally 18 mm and a maximum of 25 mm
L Provide impact resistance in accordance with ANST 237.1-1979
. . Accommodate optical correction inserts having 2 minimum range of ~7.00 diopters to
+1.12 diopress.(ref 11)
o Ensure that the optical correction inserts and laser protection outserts do not require
special tools foe installing oc removing.

To generste 3 leos design, a layout of the buman eyes was made based on the

P requirements above and some assumptions. As shown in Figurs 22, the center of eye rotation which

. is critical for vision acuity and field of view waz taken to be 14 mm behind the comeal apex (vef 33).

v The stop distance (back pole of the lens t the conter of rotation of the aye) is generaily taken to be
25 ma: for optical correction glasses. However, this resuits in an eye relief of oaly 11 mm (C.43

‘ inches) while a minimum eye relief of 13 mm (0.50 inches) for anthropotetric resoes in
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recommended in reference 10. The latter reference also states that current optical co—..tion leases &
are designed for 2 $ mm to 15 mm standoff with a § degree pantoscopic tilt. Based on this é
information, the eye relief of the LPM was taken to be 0.50 inches. The normal field of view with a
mask (ref 10) is also presented in Figure 22. ;‘?'
For maximizing vision acuity throughout the lens field of view, a number of design 6:
guidelines should be considered. Some of these guidelines are 2 fllowss
o Optical aberrations should be made theoretically zero for the primary line of sight. They ‘.
should also be minimized throughout the fieid of view to the degree possible a8 facial &
features and other mask components allow. 3 )
. The optic axis of ths {eas should pass through the center of rotation of the eye. When §:
the visual axis and opiic axis are onincident, the visual axis is perpendiculas o deth lens 5}
surfaces. For any other viewing angle, a len, designer is able to anticipate the specific g
location in the lens through which the visual axis wil! pass and by appropriate design, ,&?
the Jesigner can predict and control image quality. (ref 33) ;%}’ .
®  Lenses shail be as thin as possibie and have 2 low refractive index to minimize -;g* i
e Rigid leases provide advantages over flexible lenses relative to optical quality, chemical ol B
resistance, impact resistance, and abrasion characteristics. (ref 10) B
o The lenses should be 23 flat as possible to minimizs eve relief, Also, a flat profile in the : g
vertical meridian provides zero vertical prism, thus eliminating a cause of misjudging & E

height and angular orientation with borizonta! planes. (ref 8)
* The lenses should be rotated downward about 3° o reduce glare and glint. However,

e ;s
s Py
3

O

SRl ey

this rotation will result in a change of power, both spherical and c;findrical, if the optic £
axis fails to go through the center of rotation of the eye.(ref 33) T &
®  Multiple lens surfaces iocrease the amount of lens refraction thus poteotially creating E
ghost images. Anti-reflective coatings which are available will reduce this effect.(ref 10) &
©  Face-forming the lenses tends to cause the optic axes to rotae naselward. This action '

changes the performance of the lens, but it can be corrected by decentering both lenses
outward so that the optic axis passes through the center of rotation of the eye.
However, the combined rrtation and decentering causes unwanted borizontal prism. (ref
33)
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3411 Primary Lens

The primary lenses must provide the 24-hour cliemical darrier required by the LPM.
These lenses riust also be foldable for easy storage. Because rigid single-lens windshield designs are
susceptible to breaking at the aasal bridge, the primary lenses could be made from a flexible material,
two separate lens~<, or 2 rigid hinged design. The primary leases must meet these requirements, while
not significantly degradip Js wearer's visual acuity and deptt of field.

Although ballistic protection is not a requirement of the primary lenses, itis a
requirement of the LPM lens system. The basic desiga approach for the LPM has besn 1o design
multifunctional parts to reduc the number of parts, thus leading o less weight and lower profiles.
Therefore, the decision was made carfy on to use two separste primary lenses made from hardcoated
polycarbonate. The hardcoating is necessary for improving the abrasion resistance of polycarbonate.
If the ballistic protetion was not built into the primary lenses, it would either have 15 be provided by
the {aser protection outserts which may not always be wort, or by a separate additional lens. Other
advantages of the selected design over flexibie leases are improved optical properties, improved
chemical protecrion, zad elimination of compression szt {can occur o flexible lenses while folded). A
binged windshield desi—n was not pursued since it was felt that sealing the hinge against chemical
agent penetration would be difficult. ‘The selected two separate polycarbounate lenses would be
mounted in 2 flexible lens holder which allows folding becween the lenses. The lens holder could also
accommodate the moanting of both the cptical correction inserts and laser proiection outserts.

During a study of leas desig- " *f 8), 2 number of concepts for a primary lens were
proposed and evaluared. These concepts will be discussed relative to the LPM dasign. All of the
proposed concepts ware flat in the vertical meridian. Concepts A and D had circular horizootal radii
while coacept while concepts B and C bad varying radii in the horizoatal plane,

Concept A had a horizontal radius of 145 mm with a large deceotration (vefer to Figure
23). The optic axis for the cight cye was focaced in front of the left eye and vice versa. Concept D,
preserr od ins Figure 24, consisted of two desigas: one lens design uad 2 horizontal radius of S8 mm
while the otker lens design had 2 radius of 76.2 mm. Both concept D lenses had moderate lens
decentration wit: the 76.2 mm radius less providing more ciearance for combat specracles. Also, ths
76.2 radius lens provided better optical properties than the 53 lems.

Concex B was 2 one piece windstield design having a fairly flat froat curvature and a
steep wrap around curve at the outer periphery (refer to Figure 25). This one-piecs design was not
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FIGURE 25: WINDSHIELD DESIGN, SINGLE LENS (REF 0)




consideced for the LPM due to the increased chance of breaking; however, concept C was the same
as concept B axcept that the windshield design was “cut™ into two separate lenses.

Several primiry ienses were provided by CRDEC for reference and possible use. One
lens is used in the Aircrewman Protective Mask (ACPM) while the other is a lens system called the
Protective Spectacles System (B/LPS).

The ACPM primary lens, presented in Figure 26, is a two lens design aving a small
size. Both the horizontal and vertical radii are relatively small. CRDEC has prototyped 2 corrective
lens insert, also shown in Figure 26, for the ACFM lens. To provide a large field of view, this
primary leas would have to be placed very close to the eye.

The B/LES lens system is manufactured by American Optical Corp. (ref 34) and consists
of a primary lens, corrective lerses, and laser protection (refer to Figure 27}. The primary lens is a
single leas design suspended by standard temples,nosepiece, and sideshields; however, these parts can
be easily disassembled. The primary lens is made from polycarbonate. The optical correction lenses
are mounted in 2 hinged carrier which is snapped into the back surface of the primary lens. The laser
protection outsert is 2 greea-colored singie leas made of polycarbonate which mounts to the front
surface of the primary lens. The profile of the laser protection outsert pzrailels the contour of the
primary lens.

Some sportwear protective glasses were also purchased, including SCUBA diving
goggles. swim goggles, water sport goggles, and general sport goggles. However, it was felt that the
ACPM and B/LPS lenses were more suitable for the LPM design than these commercial lenses.

To facilitate prototyping of the LPM, it was decided to use an existing lens instead of
forming a new design. The B/LPS leas was selectad over the ACPM 'ens becausa the former was felt
to provide a larger field of view, mors suitable for corrective lens inserts, and the larger vertical
radus better for vertical prism. Ten B/LPS systems were purchased with each system consisting of a
C.ear primary leas system (i.e., temples, nosepiece, etc.), a broaze primary lens system, and one laser
protection outsert. Because the primary lens i3 3 one-piecs design, the clesr lenses had to be cut apart
and chaped. These lenses were used in the final LPM prototypes.

The polycarbonate lenses would need to be hardcoated to withstand the abrasion and
chemical permeation resistancs requirements of the LPM. A number of hardcosting materials are
presently available or being developed (ref 4), including Exxene Corporation’s S-28 and S-30 Glass
coatings, as discussed in Section 3.2.1.4, might also be used. Because hardcoating doesn't effect the
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FIGURE 27. B/LPS LENS SYSTEM




basic functionality or appearance of the LPM prototypes, it was felt that the hardcoat could be better

defined at 2 later development stage.
To improve the vision field of view provided by the B/LPS lenses, 2 new lens design

was investigated. This new lens was designed based on the following guidelines:

L)
.

® The vertical profile is flat to eliminate vertical prism and to minimize the eye relief. An
addud benefit is that the flat vertical profile simplifies leas fabrication since the curvature
is in only one plane.

. The primary horizontal radius is 3.00 inches with the optical axis of the lens passing
through the center of rotation of the eye. This horizoatal geometry is shown in Figure
28. The 3.00 inches was the smailest radius felt possible which would provide sufficient
clearance for the optical correction inserts. The range of optical correction was assumed
to be -7.00 diopters o +2.00 diopters. The eye relief was taken as 0.75 inches.

i To provide a wide field of view and a close-fitting profile, a small horizontal radius was
placed at the outer sides of the primary lens. To minimize distortion at the transitioa of
the primary radius and this secondary radius, the tangent line of each radius was taken
as coincident. Otherwise, the transition between the two radii would be visible to the
wearer as occurring in some singie-iens safety glasses.

. To make sure that the wearer's two eyes were looking through the same angle with
respect to the lens surface, the primary radius was extended out to the same angle which
couid be seen by the other eye. In other words, the inward field of view of 60° was
taken to be the outward angle in which the primary radius and the secondary radius
shared a common tangent line.

o The secondary radius was selected to provide sufficient clearance between the outer edge
of the lens and the wearer's bead for the leas holder and inlet air duct.

. The leas is made from polycarbonate having a thickness of 0.12 inches. This thickness
was selected because at least 3 (0.118 inches) are recommended to meet the impact
resistance of ANSI Z87.1-1979 (ref 33 and 0.12 inches is a readily available thickness
for thermoforming.
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This improved lens desig - incorporated ...to the LPM design as shown in Figure 29,
From this drawing, a mold protile and a flat lens pattern were developed (refer to Figure 30).
A male thermoforming mold, shown in Figure 31, was then fabricated from aluminum. A
polycarbonate plaque was clamped on top of the mold and heated until the plaque conformed to the
mold shape. After cooling the resulting lens plaque, flat patterns of the lenses were glued to the
plaque and the lenses cut out. Some problems with shaping the plaques apd air bubbles were
encountered while trying to thermoform the 'enses. Details of this process and the experience gained
can be found in Appendix E. Some good lenses were completed (refer to Fijure 32); however, due
to time and cost constraints, a leas holder for these lenses was not finished.

3.4.1.2 Corrective Lens Inserts

Corrective lenses are generally ground from lens blanks having a standard base curve on
one surface and the other surface being ground to provide the prescribed correction. The optical
correction range initially required for a 1 to 99 percentile population was assunied to be +£9.00
diopters.(ref 10) To achieve this large range of correction, two or three standard base curves would
likely be required.(ref 35) Two base curves were then selected where the front surfaces would have a
curvature of +2.23 diopters for the minus corrections and +8.62 diopters for the plus
corrections.(rsf 36) To make the various corrections, the back surface of the lens blank would thea
be ground.

The focal power of a lens curvature is described in terms of diopters which is related to
curvature radius by the following equation(ref 33):

sl

Where: F refracting power in diopters
r radius of curvature (meters)
n index of refraction of the lens material
The resulting power of a lens consisting of two surface curvaiures is determined by the

back vertex power (F,) found by the following relatioa(ref 33);
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Fv = Fi + FiZ + Fl13g
o

Where: F1  power of the lens front in diopters
FZ  power of the leas back in diopters
t lens thickness at the optical center in meters
n index of refraction of the lens material

The LPM corrective inserts are made from polycarboaste dus to the reasons discussed in
the previous section, including light weight, impact resistance, and thinner edge. Because the ballistic
protection is provided by the primary lens, the corrective inserts only need to meet the thickness
requirements for normal eyewear; the minimum thickness for polycarbonae lenses is 1.5 mm while
the minimum for glass lenses is 2.0 mm.(ref 33) Using the above equazions and minimum thickness,
the shape of the optical correction lenses could be determined where the index of refraction for
poiycarboaate is 1.586. Drawings of some leas blanks using two bass curver are shown in Figure 33

‘ for the corrective range of -9.00 to +2.75 diopters.

The high plus corrective lenses do not easily irtegrate with the primary lenses due 0 the
differences in radii; the front surface of the high plus ienses and the flat vertical meridiaa of the
primary lenses result in 2 larger than desired eye relief. The eye relief could be reducsd by reducing
the size of the optical correction, but this action would also reduce the field of view. The mounting
of the high plus lenses could also be difficult since the correction frame insert would have w0 be
atached at the back of the lens which could also negatively impact the eye relief required. A study
provided by CRDEC (ref 11) during the course of this program presenterd new information on the

. optical correction range requirements. This stucy was a survey of infantry troors which found that aa
optical correction range of -7.00 diopters to +1.12 diopters correspoade  the population range of 1
to 99 percentile. '[his reduced rauge of correction waz then used as the mquirement for the LPM.
With the ceducad range of optic'd coeroction, one base curve was selectsd which could
faifit the leas requirements. Drawings of the optical correction lenses wers made having 3 +2.23
diopter curvature on the front surfacs and having a range of -7.64 0 4 .18 diopters (refer © Figure
34). This common base curve also makes a common atachment method possidbie.
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(2.22 Inch Back Radius) 3.50 Inches Diameter (9.23 Inch Bac¥ Radius)
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FIGURE 33. OPTICAL CORRECTION LENS BLANKS: +9.00 DIOPTERS
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(Flat Back) 3.50 Inches Diameter (2.375 Inch Back Radius) ;%
Poiycarbonate Lenses
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FIGURE 34. OPTICAL CORRECTION: -7.3 TO + 2.2 DIOPTERS

With the optical correction lenses dzfined, the lens frames needed to be defined and
proiotyped. Generally, an eyeglass wears; selects 3 frame and the leas is cut from the lens blauk so
that the lens shape fits the frame waile the optical axis of the lens coincides with the wearer's
raerpupillary distance (PD). Presently there is no standardization for defining the lens shape; the
frame mamufacricer supplies lens patterns, called formers, 0 axt out the lens.(ref 33) To facilitats
prowzyping, a commercially available lens frame was found which sppruximated the desired shape of
the corrective lenses as presented in Figure 35. Two of these irarve, were purchased with one frame
fitted with +2.00 diopter polycarbonatz lenses and the other fitted with -7.50 diopter lenses (refer to
Figurs 36). One frame was then modified and fitted with mounting tabs to make a male positive for
molding corrective lens insert frames. The tab design was used becauss they could be mounted into
matching holes in the flexible lens holder without the use of tools.

The purchased eyewear frame was cut into two lens frames and the excess material
ground off. Tabs were cut from plastic having 2 0.06-inch thickness. The tal; depth (penetration into
the lens holder) and length had to be made sufficieatly long o that the corrective lens inserts did not
fall out or rotate out of alignment during facial movements (the cast frames witlt corrective leases
installed ire presented in Figure 37). Thess tabs were then attached t0 the top and bottom of each
frame using adhesive. Epoxy adhesive was then used to form fillets a¢ the tab and frame interfaces to
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facilitate demolding. The modified frames, being the male positive, were sprayed with Fluoriglide®
(Appendix D, no. 27) parting compound and allowed to dry. HS II RTV® silicone molding
cempound (Appendix D, no. 16) was used to form the female mold. This silicone is a two-part
sempound which is relatively easy to work with (24-hour cure time), has higher strengths than some
other silicones, provides excellent replication of fine details, and generally does not bond the molded
part. .
A layer of HS 1T RTV® was mixed and poured into the bottom of plastic box. The
silicone was used because of its flexibility in case undercuts were formed in the mold. The plastic
bor -vhich was rectangular in shape proviacd the containment for the mold, both during the mold
fabrication and during the pouring of t5e firal parts. The .sctangular shape of the plastic box
provided a means of registering the two halves of siliccne. The male positives (i.c., the modified

lens frames) were fitted with the purchased optical correction lenses and were sprayed with silicone
parting compound. These male positives were then laid on top of the poured silicone, f=xing care that
the silicone did not flow over the top of the male positives; otherwise undercuts would have been
fremed.  As the silicone began to thickes, 0.25-inch diameter dowel pins werz placed adjacent to the
frame tabs in the vertical position. These dowel pins were used to core filling and venting holes into
the silicone. The leagth of the dowe! pins were suffic «nt o extend out the top of the plastic box.

After the silicone was cured, the male positives were removed from the mold and the
corrective lenses removed from the male positive, The top layer of the cured silicone was then
sprayed with partirg compuund and the male positives were placed back into the mold. Another
batch of HS II R7'V® was then mixed and poured on top of the mold assembly until the plastic box
~<as filled to the rim. The . Jrrective lenses from the frames were removed 3o that the top layer of
silicone would replicate the bevr! inside the lens frames for mounting the corrective lenses.

After the siliconz was cured, the mold was disassembled and the male positives and
dowe! pin cores removed. The mold interior surfaces were then sprayed with silicone parting
compound and the mold reassembled into the plastic box. Holes were drilled into the box lid to
correspond to the vent and fill holes. This lid provided compression to the silicone molds so that the
cast material would not separace the two halves, yet the compression was not enough to deform the
mold, TC 2510 epoxy (Appewdix D, no. 10) wa hen mixed and injected with a syringe into the
mold. While filling, the mcic was held at a slight angle with the fill hole below the vent hole. This
action resuited in the epoxy filling the mold cavity from the bottom, thus displacing the air up and out
through the vent hole. When making the mold, the male positives were oriented so that the longer
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base of the cavity was at the bottom of the mold during filling to eliminate high spots in the mold
which could trap air bubbles. After the injected epoxy was flowing from the vent hole, silicone
grease was placed over the till hole as a plug to keep the epoxy from running back out, since this was
3 low spot in the mold. The filled mold assembly was allowed to set while the epoxy cured. After
demolding, the epoxy in the fill and vent holes was removed along with the flashing.

In the first moid attermpt, a silicone parting spray was used between the two silicon
layers without success; the mold had to be carefully cut apart. Although the resulting mold was not a
quality mold, the flexibility of the silicone was forgiving ecough that the moid was still functional.

One method to reducs the size of the optical correction insert without reducing the
corrective leas is to use a split frame design. A frame, similar to that cast, could be used where the
frame not adjacent 10 the mousting tabs would be removed (i.e., a non-continuous frame). A fixture
could be used to locate the frame tabs to the lens while bonding with an adhesive or integral casting
the frame tabs to the lens. This design was not nursued during this development phase, but could be

impiemented at a later stage.
3413 Laser Protection Outserts

The laser protection outserts were to be based on the B/LPS laser protection lens. ‘(he
lens material would be polycarbonats. Because the primary lens would provide ballistic protection,
the laser protection outsert only needs to be thick enough for common handling which is about 1.5
mm (0.05 inches). The lens profile would paralle: the primary lens to minimize visual distortion.
This leas would also be mounted with the primary lens in 2 common leas holder. However,
difficulties were encountered when sculpting the small thickness desired to mount the laser protection
lens. This fact, combined with the time considerations involved, resulted in the decision to not
include the laser protection outsert into the primary lens holder. The laser protection outsert could be
mounted intc: 2 separate lens holder having an independent suspension. Again, due to time restraints,
the laser protection lens and lens holder assembly were not prototyped.

3414 Lens Holder

The lens holder provides a suspension for the primary lens, optical cortection inserts,
and the laser protection outserts while providing the proper standoff from the eyes. The lens bolder
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must also accommodate interfaces with the air management components so that dry, inhalation air
passes by the lenses for defogging purposes. Making the leas holder from an elastic material wou'-
allow the lens holder to fold at the nasal bridge to facilitate stowing.

The primary lens would mount into the leas holder by fitting into 3 U-shaped channei
molded into the leas holder (refer to Figure 38). This channel would run continuously around the
lens perimeter and provide 2 good, tight fit on the lens. The primary leas could be bonded into the
chaanel with a sealing adhesive to prevent chemical agent from penetrating by capillary action or
during flexing of the lens holder. The sealing adhesive would not allow removal of the lens during
norma’ use, but it is very lightweight and bas a low profile when compared to 3 mechanical mouanting
system. The adhesive could be removed at the depot level if the LPM is to be refurbished for a

longer sarvice life,

Flange For Facepiece
Attachment

Face Seal

FIGURE 38. LENS MOUNMTING DESIGN




The laser protection outsert would fit into a U-suaped channe! similar to that used for the
primary lens, except that the channel would discontinued at the outer side of the lens. This channel
artachment preciudes the use of tools for installing/removing the lenses and can be performed by the
wearer during LPM use. By leaving the outer side open, a “handle” can be provided for gripping the
lens during installation/removal which would not significantly degrade the wearer’s tield of view.
Mounting the cutsert lens directly to the lens holder eliminates the need for an additional lens
suspension and the accompanying weight and volume, The small flange between the primary and
outsert leases caused by using 3 U-shaped channel mounting provides a small standoff which preveats
the two lenses from scratching each other.

The optical correction inserts would be mounted to the lens holder like the other two
lenses, except that the U-shaped channel would not be continuous. The tabs protruding from the top
and bottom of the insert frames would be inserted into matching holes. The depth and length of the
tabs need to be sufficient to prevent the inserts from falling out or misaligning during facial
movements. Continuous channels were not used for mounting since the material thickness of the lens
holder covering the nasal bridge must be minimized to minimize the spacing between the primary
leuses.

Flanges would be placed along the perimeter of the lens holder for attaching the
facepiece to the lens holder. This flange allows compression of the lens holder tv the facepiece
material which would e needed for a heat seal or an adhesive joint. For adde? strength to the lens
holder, the flange was located opposits of the primary lens to increase the material thickness at this
location. This increased material thickness also would provide greater permeation resistar.ce to
chemical agents. The flange would be in the same plane as the primary lens except & the nose bridge
since the primary lens is closer to the 3=5. The flange would likely go above the lens plane and
merge with the other lens flange of the other eye. All of the flange trans‘uons shoul¢ be smooth for a
better seal with the facepiece.

The air inlet ducts and the inhalation check valve ducts would be attached to the lens
boider to completely seal the inhalation air. The leas holder could be formed to surround the duct to
provide more surface area for an adhesive joint and to provide a better seal than a butt joint. The
trapsition of the leas holder to the ducts should be tapered so that the facepiece will properly seal &
the lens holder/duct interface.

The lens holder seals each eyc separately. The seal could be made by incorporating lips
into the lens holder or by closed-cell {oam attached to the bettom of the lens bolder. The foam seal
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design was selected over the lip design because it was felt more compliant to fit over 2 wider range of
peuple, would be more forgiving to seal during facial movements, ard would exert less pressure on
the face. The minimal clearance between the primary lens and the nose does not provide very much
room for a lip seal design and the length of the lens holder covering the nose was minimized to
provide a better fit for various people.

Based on the above design approaches, a layout drawing was made of the lens holder
and the interface with the air management components (refer to Figures 39 and 40). laser protection
outserts were not wcluded because it was decided to not incorporate these leases to reduce the time
required to produce actual parts for evaluation. It was felt that separate laser protection outserts could
be mounted in a separate lens holder at a later time or to incorporate them into the leas holder during
a later prototype iteration. Dimensions of the pasitions of the lenses were provided to the artist for
lens holder sculpting. Preliminary sculpting of the lens holder was compieted with soft clay to
provide a three dimensional modei in a timely fashion (refer to Figure 41). Some details of the lens
holder, such as the facepiece attachment flanges, were not representad in this preliminary sculpting
hecause the clay used wasa't stiff enough to form these thin parts. All of the details would he added
to the final sculpting for molding.

The final sculpting was produced from Chevot Clay® (Appeadix D, no. 11) dus to its
high stiffness aies strength. This clay is a clay and wax composition which can be meited
(approximately 200° F} and sculpeed to produce fine details. Before the lens holder could be
sculpted, a face seal was sculpted sitce this seai provides the base of the leas holder. As presented in
Section 3.4.2.3, the sculpted face seal and headform were cast into a female mold of Hydrostone®
{Appendix D, no. 18] reiuforced with burfap. A male headform with an integral face seal was then
cast from Hyu ostone®. The Chevot Clay® was then placed on top of this latter headform and
sculpted. Cars was taken during sculpting to form a symmetric leas hoider about the eyes. The lens '
bolder was conipleted up to the top surface of the primary leases allowing easy removal of these
letses. Sculpted inhalation check valve ducts and air inlet ducts were made from Chevot Clay® to
define their interfaces with the lens hoider. The final sculpting of the lens holder is shown in Figure
42. The openings for these interfaces were cut into the lens holder. Some soft clay was thea inserted
into the holes so that the eye cavities and the outer female mold haif would be separate; otherwise,
the urethane lens holder could not be demoided. Short tabs showing the outline of the inserzs would
be moided into the lens holder and the proper hole cut out of the leas holder after demolding.

Cutouts were also placed inside the lens bolder for mounting the optical correciion inserts. The sides
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FIGURE 41. INITIAL COMPONENT SCULPTING

of the lens holder were then smoothed out using a hot-air gun. A top layer was then made to form

the cup to mount the primary lenses and to form the facepiece attachment flange. A sheet of clay

having a thickness of about 0.06 inches was made and the top layer formed from this sheet.

Although the Chevot Clay® provides a relatively high stiffnress, it is also relatively brittle dus to its .

R Sy o Nte R e e Wy gt

wax composition. The facepiece mounting flange could not be formed as desired since the
unsupported edges of the top layer kept breaking off. Therefore, the supported tlange was made wide
enough to attach the facepiece, except in the nose a-2a where only minimal room was available. This

DT Het > SRS

approach was taken instead of significantly increasing the top layer thickness which would regatively
impact the field of viéw. The top flange was attached 0 the lens holder base with the hot-dir gun
which was also used to complete the final smoothing.

Before the female mold vould be made of the lens holder, some preparations had to be
completed. Some 0.25-inch diameter holes were drilled into the Hydrostone® head to install some
registration pins: one pin was placed above the nose, one below the mouth, and one in each eye. A
layer of parting compound consisting of bees wax and toluene was applied to the clay lens haiver and
the headform and allowed to dry. Two more layers were applied in the same manner. Some metal-

filled epoxy (Appendix D, no. 20) was then mixed up. A thin layer of epoxy was brushed inside the
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FIGURE 42. LENS HOLDER SCULPTING




eve cavities and allowed to cure. Successive layers of increasing thickness were then applied and
cured until the lens cavity cores were completed. Two dowel pins were cast into the top layers of
each lens cavity core o positively register the cores to the top female mold half. Three successive
layers of parting compound were then applied to the tops of the iens cavity cores. Like the lens
cavity cores, the outer female mold was generated in layess. A clay dam was first formed to contain
the epoxy. The first several layers were thin o replicate the sculpting details. The lawer iayers were
relatively thick and reinforced with fiberglass cloth. The outer female mold half, as shown in Figure
43, was made relatively thick for strength purposes. Once the epoxy was cured, the mcld was

disassembled.

Gl At Sl A T P Y P DN YT T TS TR TS
. e V. . .. __"- - { . '._: ) 3
I oo d
L] * . i- \’..}
" - - 6'0:::-;;3
i . E
! -
! et
! RIS

} ) .-
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However, the facial surface of the Hydrostone® male headform separated from the headform. This
sutface broke into numerous pieces and included the eyes, nose, cheeks, and mouth. The damage
could have resulted due to the drilling of the registration pins since the pecimeter of the separation
was coincident with these holes. Althoug the separated layer was thin, the maie mold half was oot
usable for casting lens bolders. The omerm.old cieces were successful znd the clay was removed. A
new male headform with an int=gral face seal was then made from epoxy to completa the lens holder
wold.

The origisal headtorm baving the face seal sculpted oato it was usad to cast 2 female
Hydrostone® mold half for the face seal. As will be discussea in Section 3.4.2.3, this female mold
half was broken during casting of urethane foam face seals. An epoxy female and male face seal
mold was then cast frons this broken female mold which had an intact face seal cavity. The ¢poxy
female mold half having the face seal cavity was used to cast a metal-filled epoxy male headform with
a positive face seal. The procedures for casting were the same as that for the leas holder mold.
Parting compound was applied 10 the female mold and buffed after drying. Two more layers wers
applied in the same manner and a silicone parting spray applied. Thin layers of epoxy were first
3pplied for replication. Thicker layers were then applied for streagth. Because of the method of
making the female epoxy muld, some undercuts were present which made dsmolding very hard. The
female epoxy mold broke into about 15 pieces which would not be practical to repair. Ia hindsight,
the female mold should have been heavily reinforced prior to casting the matciiing male half.

However, the resuiting male headform was usshle and cieaned up. As this male
headforin was assembled with the other lens holder mold pieces, it was evident that the male
beadform did not pioperly fit. It was oot cleas if the improper fit was due to the method of making
molds from molds or if shrinkage of the epoxy caused the female mold to have a smaller curvature
since this mold was not heavily reinforced. Parts of the maie headform which were believed o be
causing interferencs were ground off and polished, although the final fit was stiil not good.

Unlike the male headform cast from the epoxy female facs seal mold, the lens holder
female mold fit properly with the epoxy mais face seal mold. As mentioned above, this implies that
the curvature of the epoxy female face seai mold changed due to shrinkage. Because of the better fit,
a lens holder was cast using the epoxy male face seal mold. However, this mold has 2 segative face
cavity to cast complete face seals. To form a positivs face seal, a urethane foam face seal was placed
into the negative face seal cavity. A fill hole was drilled into the epoxy female lens holder at the top
of the leas holder, above the nose bridge, and perpendicular to the face. Tkis fiil bole would vent the
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air displaced during urethane pouring. The cast urethane fill hole would also be easy to trim away
without effecting the surface to be joined to the facepiece. Silicone parting compound was applied to
adl of the mold surfaces, but not to the urethane foam face seal. The urethane leas holder w2« to be
cast directly to the face seal. ‘Jrethane, TC 960 (Appendix D, no. 7), was mixed and devacuumed
whil2 in the mixing pot. It was then poured into the moid and allowed to cure. The urcthane foam
fare seal helped to seal the assembled moid, thus preventing the poured urethane from leaking. After
curing, the headform was easuy removed from the mold, but the cast urethane could not be removed.
Previous castiag of the urethane with the silicone spray parting compoued was successtul on
polycarbonate and alwninum, but the urathane adhered to the famale epoxy mold. The urethane did
not adhere to the epoxy male mold, or for the most part, the epoxy cye cavities. To remo 2 the
urethane, it was soaked in acetone and cut out in small pieces. The acetone greatly reduce,

strength of the urethane without etfecting the strength of the metal-filled epoxy. Demolding 450
not helped by the amount of undercuts present in the mold and by the fact that the eye cavity cores
could not be pushed out ot the female mold half. Relatively large air bubbles were present in the top
inside of each primary lens cup due to the curvature of the leases; otherwise, the cast urethane was
basically free from trapped aur. Io addition, insert casticg the urethane foam fice seal with the lens
holder was unsuccessful because the cast urethane was abiorbed into the urethane foam.

Some mold modifications and a new parting compound were used in the second leos
holder casting attempt. The fill hole was entarged to about a 0.75-inch diameter. Vent holes having
a diameter of about 0.50 inches was drilled pzarailel to the fill hole above the location of the trapped
air bubbles. Two holes were drilled through the epoxy female mold half so that the eye cavity cores
could be pushed out. These hioles were located between the two registration pins located in each eye
cavity core. The registration pins were also cut shorter to facilitate demolding without losing the
registration (the pins were not exactly parailel which caused binding). A new parting compound foe
epoxy systems, Epoxy Parfilm (Appendix D, no. 12), was aiso used. The epoxy headform cast from
the epoxy female facs seal mold was used evea though it did not have a good §t, since it provided a
positive face seal. Each mold part was coated three times with parting compound a3 the mold was
assembled. Sof? clay was relled icto a long gasket and placed around the periphery of the female
mold. This clay filled in the open cavities left by the improper moid fit w prevent the poured
urethape from leaking. Urethane TC 960 was mixsd and devacuumed while in the mixing pot. The
mold was elevated about 30° to allow the air bubbies to vent. The urethane was then poured and
allowed to cure. Demolding proceeded smootlily by removing the male headform and siowly pushing
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the eye caviry cores out with a hydraulic press. The iens holder was then completely removed by
cunting through the urethane fill and vent holes. This mold combination resulted in thick flashing
which was expected. The extra flashing was removed 25 much 5 possible and the duct interface
holes cut out. Some sms'l air bubbles were pre_ .nt, but ey werc mostly insignificant. The most
negative aspects of the resulting lens holder was whe extra - terial produced by the unproper mold fit.
The aose bridge area and the part in contact with the forehead are the most nuticeable which also
mnder folding of the lens boldes. The increased weight and bulk are also undesirable.

Because the epoxy male face seal mold does provide a good fit with the lens ho.der
mold, this beadform was used in the next casting atempt. To form a pesitive face seal from the
negative face seal cavity, a urethane foam face seal was used. To precluce this foans from absorbir.g
the cast urethane, the urethane foam was coated with a ¢ in layer of TC %60 urethane and inserted
ino the male face seal moid. Epoxy Pasfilm was heavily applied to all of the mold pieces mold
during assembly. TC 960 urethane was mixed, devacuumed in the mixing pot, and poured into the
mold. The resulting casting was properly form.J by the inale face seal moid and urethane foam face
seal (refer to Figuse 48). This method was used to cast the remaining scototype lens holdere.
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FIGURE 44, CAST URETJANE LENS HCLDER
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342 Air Management Components

The air management components direr . the clean air from the filter assembly to the
nosecup area via the lens holder aid passes exhaled air from the nosecup *o the ambient air. These
compon:nts must seal the face area fron. potentially contaminated air coming up t. Jer the hood,
prevent moist exhalad air from entering the lens cavity to prevent fogging and a buildup vf CQy, and
prevent potantially contaminated o'uside air from entering the face area through the exhaust check
valve. The Fasic approack in designing the air management cu zpooents is to seal the minimum
amount of area to reduce the size of the seals and to integrate the scals with the other parts to result

n multifenctional parts, again to reduce attachments and the ¢+ v:11 ~ize. As shown ia Figure 40, the
air management compon-~us inrclude the air inlet ducts, the inha'. < :a check valve assembly. the chin
seal, the face seal, and the zxhaust check valve assembly. The iens hold/s also helps the proper
transfer and sealing of e, but it is described under the lens system. After exch of the components
was nudally designed, they were rough scuipted on 3 headform as & three diniznsional modef to
provide 2 Detter teel of the design. This rough sculpting is shown in Figure 41. Moids were theu
machired from aluminum to form representative parts * . 2vaiuation. The machined molds were also
used tw cast clay parts which could then be formed to the face, thus resulting in 2 more symmetrical
design and assisting the sculpting process.  After firming the clay parts to the face, molds were
made, cures were made, and the find parts cast.

3421 Ichalarion Check Valve Assembly

Two inbalation check valve assemblies transfer air for iphaiatwon from the icas holder ©
the nosecup area.  As discussed in Section 3.3.2.2, C23 check valves provided by CRDEC are used
1n these assembliss 10 prevent exhale! air from entaring the leus cavities. These assembiies are also
lxred close to thz mouth w0 provide a scandoff for the mouth area where the exhaust check vaive is
suspended from the £ jece. The botove surface of the duct area is 2 seal 0 provent leakage into
ard trom the ncsecup area.  The duct ataches 10 e lens Lolder which (. pletss the seal around the
nose. The Domom of each -2 *r valve astembly imtarfaces with the cliin seal 20 preves? leakage
arcund the chin. The &acepre . is atached to e top of the inhziation check vaive assembly 1o
coftplete the resulting “nosecup”.




Based on the duct testing described in Section 3.3.2.1, the desired duct are+ was to be
about 0.20 in? to provide a suitable pressure drop. The cvoss-sectional area of the duct was
rectangular to provide 2 mirimum proSle (refer to Figure 45). ‘The chack valve was located adjaceat
to the mouth area to provide sufficient s.andoff while minimizing the height adjacent to the lenses
which could hinder the downward field of view. The top of the check valve housing was made solid
to provule a large area for bonding the facepiece to the inhalation check valve assembly. The bottom
of the check valve housing was made open, allowiug the check valve to be installed and repiaced if
necessary. The fiow of air through the assembly is through the duct to the top of the check valve,
down through the chuck valve, and out the side of the check valve housing. The C23 check valve is
mounted to the bousing hy » lip which is cast imo the housing. Angling the check valve was
investigated to reduce the footprint and 0 place the check valve normal to the air flow for less
resistance, but the angling cnly increased the stando(Y profile which is uadesirable.

Lip seals couid be placad on the bottom surface of the assembly duct as shown in Figure
46. Two lips provide stability of the part on the facs. The lip closest to the nosecup arua is urned
towards the mouth for stability and t0 passively scal under exhaled positive pressure. The lip farthest
from the mouth is turmed out to passively seal against a negative pressure in the nosecup asca. The
duct is separate from the seal area to provide a higher level of protection in case the lip seals would
have some minimal leakage through one lip. The docision was later aade to maks a single face seal
from 2 flexible foam. The check valve duct would sit directly on top of this foam seal and transfer
the suspention 3.8 from the facepisce 10 the foam sexd.

Flanges were placed on ¢cach side of the duct to provide a hooding area between the
inhalation check valve sssembly and the facepiecs. Pressure could be applied to these flanger to form
the boad since anpiying pressure through the ducts might be difficult.

Because the inbalxion duct woud experiencs 2 negative pressure, the duct wouid send
e Jesignml L xevent . from coilar . g during inhalation. Several methods could be implecwsated
© preciude collapsing: the duct wails could be stiffsned which could degrade the fit and ‘oldability, a
“locse” spacer material cor‘d be placed inside -3 duct 10 provide support, oc lips couid dbe molded
imegral with the duct * reducs smmpporsed aress.

Preczescy in Figure 45 ars the spproximass desig of the ishalation check vaive
msescilies. Female moids of the parts sad the cores wete machined from alumisuza to reflect this
design. Dimentioned mold drawings coa be fowad in Appendix C.
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FIGURE 46. INHALATION CHECK VALVE DUCT: LIP-SEAL DESIGN

The female molds were used to form several clay parts of the check valve assemblies.
These solid parts were providsd to the artist for fitting to the face and integrating the parts together
with Chevot Clzy® (Appendix D, no. 11).

The first actempe at casting a check valve assembly using the machined molds was made
with transparest Sylgard® 184 (Appeadix D, no. 14) silicone rubber and parafin wax cores. The
silicone was a room tempesaure cure matecial which was important so that the parafin would not meit
prematurely (parfin wax meits at approximately 130° to 140° F). When making the core for the top
of the check valve and air duct, spacer material made froms Saran® (Appendix D, 0o, 22) was
imbedded into the parafin. The 0.25-inch dissseter register pir locrted the cotas 0 the mold at fae
check valvs iocation, but 5o metiod of spacing the top of the check valve cors oc the air duct core
was designed ineo the mold. Therefore, small squares of Bu.prene rubber baving the proper thickness
of 0.06 inches was placed in the mold for this registration. Silicone parting spexy (Appendix 2, no.
2%) was generously applied 10 the parts o *he C0l! a8 assembiad. Silicoca rebber was mixed ap
and devacuumed before it was poured into the mold. After curing asd demoidiag, it was found tiat
the silicons woulc a0t cure adjacent 10 the veoprens rubbez aithough the rest of the casting cared
satisfactorily. The parafia wax cores wers exsily melted ous of the casting leaving i3 spacer meterial
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in place. A light tilm of parafin remained on the silicone and the spacer material, but an agempt o
remove it was not made since the uncused silicone around the neoprene made the past useless for
evaluation. The cast silicone inhalation check valve assembly and the air infet duct are showa in

Figure 47.

The second molding attempt used urethane, TC 960 (Appendix I, no. 7) for casting the
part. Also, the cores were made from Chewot Clay¥ instead of parafin wax because the clay had 2
Ligher stiffness. The parafin was found to be undesirable as a cors maesial due to its flexibility; the
cores tended to deform during normal handiing which made casting uniform wall thickness difficult.
However, making the coces from Chevot Clay® was more difficult than the parafin due to the higher
melting temperature. Like the narafin, the Chevot Clay® was meited in a double boiler, but since the
melting temperature of the clay is close to the boiling point of water, iz took considerably longer to
melt the clay. Also, the core molds had to be prehieatad to zbout 140° F; otherwise the Chevr Clay®
would quickly solidify upoa contact with the room-temperature aluminum and form air pockets. The
clay cores were allowed to cool befors demolding to develep sufficiest strength. It was found that
placing the poured cors molds in the freezer for about § minutes immeuiately before demolding would
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help facilitate demolding. To provide support structures to the cast check vaive assembly, 0.06-inch
diameter holes wece placed along the centerdine of the duct with a 0.50-inch spacing. These holes
were formed with a hot metal rod of the proper diameter. These holes would e filled with urethane
during casting to form support columns which would not produce a significant pressure droo during
inhalation. Again, to register the duct core properly in the female mold, usethane rubber was
previously cast to a 0.06-inch thickness and cut into small squares. Thes2 squares were cleaned with
alcohol so that they would be cast in-place with the cast urethane. Silicone. Spry release was
generously applied as the maid was assembled except on the urethane spacers. The urcthane resin
was then mixed and devacuumed for five minutes while in the mixing pot. After pouring urethane
into the open-top mold, the mold was devacuumed for several minutes. The mold was then overfilled
with urethane and a flat cover was then placed on top of the mold, careful not to introduce air
bubbles. After curing and demolding, the castings looked very good. The Chevot Clay® cores
worked well, except that the clay could not be easily removed. As the clay was heated, it melted, but
it would not flow. A small brush was thea used to physically remove the clay. A C23 check valve
placed into the check valve assemtly fit properly. The air inlet duct and inhalation check vaive
assembly cast from urethane arz presented in Figure 48. These parts were bonded with representative
eye cavity and a filter connector for air flow resistance testing.

Clay parts were made from Chevot Clay® using the machined aluminum molds for
forming to the face. Although this clay does have good strength and rigidity, the thin attachment
flanges wese quickly brokea off during the formning process. A heat gun was used to soften the clay
which could then be pushed down to conform to the hardscuipted face seal on the headform. The
inhalaticn ducts were inserted {0 the air passages of the sculpted lens holder. The ihalation duct
formed a positive interface in the lens holder for proper orisntation during assembly. The lens holder
alsn had flanges on the top and bottom of the inhalation duct for easier attachment. The final clay
inhalation check valve assemblies are shown in Figure 49,

A two-piece female mold was constructed for each inhalatioa check valve assembly using
metal-filled epoxy (Appendix D, no. 20) for strength and durability. The first several layers where
applied s thin costs for reproducing the details. Thicker coats could then be applie? . speed up the
mold-making process. However, the amoant of epoxy applied at any one time was limited since a
large mass of curing epoxy could gererate heat and potentially soften the formed clay positive. The
first moid otece was cast with two metal dowel pins for registration pins. The mating mold piecs was
then cast on top of tha first piece, after three layers of bees wax/toluene parting compound wers
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applied. After curing, the molds were separated and the clay positive cleaned out ard a single, large
fill/veat hole was milled into ons half of each mold assembly. The epoxy molds are shown in Figure
50. .

Cores of the {low path were made using the female molds of the inhalation check valve
assembly. Positive cores of the check vaive cavity were cast from polyester resin (Appendix D, no.
4) using the machined aluminum molds. These two solid disks together formed the core for the lip
which would be used to mount the C23 check valve seat. These positive cores were placed into the
epoxy female inhalation check valve molds using the registration pin. A combination of 0.06-inch
thick neoprene rubber sheet and soft clay were used to simulate the desired urethane casting. This
clay and rubber lining left a cavity of the desired flow path. The molds were assenibled after
spraying with Epoxy Parfilm (Appendix D, no. 12) which worked very well on the lens holder mold.
Epoxy, TC 2510 (Appendix D, no. 10) was then mixed, devacuumed in the mixing pot, and poured
into the mold. This epoxy bonded sufficiently to the polyester resin check, valve cavity positive cores
t0 form a single positive core of the inhalation check valve assembly flow path. However, the Epoxy
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effected since it was totally encapsulated by the neoprene rubber and soft clay. The epoxy cured in
the fili/vent hole had to be ground out for pouring the urethane at a later time.
A female mold was cast from the epoxy flow path core using soft HS II RTV®

Parfilm did not prevent the TC 2510 from bonding to the epoxy moid. The cast core was not

(Appendix D, no. 16) due to the undercuts of the C23 mounting lip. The silicone was mixed and
devacuumed in the mixing cup. A layer of the silicone was thea poured into the bottom of a small
plastic box and allowed to cure. The plastic box provided structure to the silicone moid and
registered the two mold haives together. The cured silicons layer provided a hard layer which kept
the epoxy positive core froms sinking into the low viscosity silicone. Another baich of silicone was
made, the epoxy core placed insidn the box, and the silicone poured into the box. The HS II RTV®
cures dicectly to previously cast HS IT RTV® to form one piece, even when parting compounds wers
used to prevent this from occurring. During this mold fabrication, this feature was taken advantage
of. After pouring the second layer to the rim of the plastic box, a dam was made from tape around
the box rim. A third layer of silicone was then poured. This last layer increased the material
thickness about the epoxy core and also provided a handle for removing the silicone mold from the
plastic box. After the final curing, the solid silicone female mold was removed from the plastic box.
A knife was used to carefully cut the silicone into two ieces ard the epoiy core csmoved. The
silicone was cut perpendicular to the C23 check valve mounting lip because & parallet cut could
damage this lip. Registering the silicone halves in the plastic box was not a problem. A filf hole was
cut into the mold parting surface to the bottom of the check valve cors since this location was ot to
be filled with urethane. A vent bole was cut adjacent to the (nd of the inhalation duct which was on
the opposite end of the cavity coce from the fill hole. These hole locations allowed easy removing of
the cast clay and were on the mold parting line to allow easy mold disassembly following casting. A
Chevot Clay® and parafin wax mixture, approximately evea volumes, was meited and poured into the
sssembled molds. This clay/wax mixture was used since it had ths melting temperature of the parafin
while it had some of the strength of the Chevot Clay®. Afi the clay coces were removed, the flash
was trimmed away. Holes were then meited into the clay aloag the longitudinal axis of the inhalation
duct with a heated 0.06-inch diameter rod 0 .iat urethans supporct columns would be formed during
casting, thus preventing collapsing during inhalation.
Inhalation check valve assemtlies were cast from TC 960 urethans using the foilowing
procedures. The clay cores were placed into the mold with the registration pin and any alignment
corrected. These cores were then removed and the epoxy femaie inhalation check vaive moids were
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sprayed with Epoxy Parfilm parting compound. The female mold was then cleaned with alcobol
where the clay core comes into cantact with it. This contact area was then heated using a hot, hollow
cylinder which fit over the cose registration pin. The clay core was thea placed onto the registration
pin and held into the proper orientation. The heated epoxy would cause the coatact surface of the
clay to slightly melt and then harden, bonding the clay core into position. This method of registering
the clay core eliminated the need to place small spacers of urethane in the, mold to be cast in place
(which when used to cast ursthaiis in the machined moids did not always resuit in good bonding).
The mold was then assembled. Urecthane was mixed, devacuumed, and poured into the moid. After
the urethane was half cured, heating the mold to about 120°F for sbout 2 hours accelerated the curing
rate and also significantly softened the clay core. Immediately after removing the mold from the
oven, the mold was disassembled and the clay remcved while it was still soft. The flashing was then
removed from the cast part and the part cleaned with alcohol.

3422 Air Iniet Ducts

The air inlet ducts transfer clean air from the filter assembly to the lenses. Because ths
filter assembly is to be replaceable, connectors must he present allowing the air inlet ducts to be
coanested and discoanected from the filtes assembly. This connection was initially assumed to be a
female fitting on the lens side of the ducs which ataches to the hood (refer to Figures 51 and 40).
However, the preliminary development of the duct zssumed that aty fitting to the filter would be
designed as part of the filter itself and would have to accommodate the air inlet duct. The other end
of the air inlet duct would be joined to the leas holder by bonding with adhesive.

The air infet duct was designed with 3 cross-sectional area of 0.20 in® based on the
pressure drop testing presented in Section 3.3.2.1. To keep the profile low, b3 cross-section of the
duct was taken to be rectangular (refer to Figure 51). The duct wall thickness is 0.06 inches so that
weight is kept t 2 minimum while peoviding flexibility. The casting material is urethwne because of
its strength, flexibility, and the ease of bonding it to other materials. Another aspect of the air inlet
dux design which is important is the duct routing through the hood. The duct attaches to the outes
side of the lens and makes a bend t0 go down the side * ths face. The duct must not interare with
agy earcups which could be worn at the same time, bu. « sharp bend ralius will causse some air flow
resistance. The heimet chin strap forms 3 -iangle between the ears and the chin with clearance
between the face and chin strap wher2 the air injet duct cas pass through without being compressed.
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The air inlet duct must not interfere with the seal between the face and the face seal. This seal is
caused by the suspension pulling on the facepiece, which in tum forces the face seal ontc the face (the
force is transferred from the facepiece to the face seal via the leas holder, inhalation check valve
assemblies, and the chin seal). Therefore, tie air injet duct should ot contact both the face and the
facepiecs (or suspension) or it could reduce the force applied to the face seal. The profile of Lie air
infet duct was made lower than the height of the other fcial parts to keep.this ctfect from occurriug.
la addition, the air inlet duct should pass through the facepiece and down towards the filter assembly
so that the facepiece and suspension will be in direct contact with the head.

Aluminum molds w:re machined to form representative air inlet ducts, Like the
inhalation check valve assembly, representative parts and clay parts for sculpting the final parts were
cast from these molds. The molds were desigied for ease of fabrication. For example, the end of
the duct is a semi-circular skape; the end of the cast parts were trimmed 2s needed. The molds for
the duct and the duct core were integrated into one mold. Dimensioned drawings of these molds can
be found in Appendix C.

The processes used in making ~lay parts a5 a baseline for the artist and moiding
representative parts were the same as that used for the inhalation check valve assemblies. The details
of the processes are presented in that section and only a summary of the air inlet duct processes is
provided here. Chevot Clay® (Appendix D, no. 11) was used to make clay air inlet ducts for the
artist, allowing a sculpting baseline for fitting to the beadform. The first molding attem, . used
Sylgard® 184 silicone rubber (Appendix D, mo. 14) &3 the casing resin with a parafin wax core and
neoprene spacers. The maid was assembled and the flat cover clamped to the mold. The assembled
mold was placed in a vertical position with the opening in the mold & the highest point. The mold
was rotated 50 that the lower arm of the duct cavity was not borizontal; s action allowed air
bubbles to float to the open top of the mold. The silicone did not cure adjacent to the neoprene, but
the wax was easily meited out. The cast silicone air inle: duct is shown in Figure 47. The second
moldig attempt used urethane with a Chevot Clay® core. This core had 0.06-inch diameter holes
placed along the centerline with 1.0-inch spacing. After curing, the Chevot Clay® could act be
meltad out, even after placing the duct & boiling water. Since alcohol heips break up the Chevot

Clay®, the duct was allowed 0 soak in alcobol. However, the alcohol was absorbed dy the urechans
which caused sweiling and a loss of strength. The duct was extensively damaged due o the Joss of
strength, but the strength s regzined as the alcohol desorbed in air. Another casting aternpt was
made using the same approach, except that the core was mads from a mixure of Chevot Clay® and
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paratin wax. This mixture was easier t0 work because it lowered the melting temperature of the
Chevot Clay®, yet it retained most of the stiffness. After the air inlet duct was cast and cured, the
«ore was removed by a treezing and breaking process. First the dict was placed in a freezer 1o maks
the core material brittle. Flexing the frozen duct would crack and break the core material without
damaging the urethane, The core material would stact to warm whilz it was handled, allowing it to
be compressed which caused it to *~in. The duct was then placed in the freezer 10 ake the core
stiff. Thinning the core pieces and {reezing them to make them hard facilitated their removal. The
cast urethace air inlet duct is presented in Figure 48.

Clay parts were made trem Chevot Clay? using the machinst aluminum molds for
forming to the face. The machined molds provided the basic shape, but the elbow i the durt was
altered to minimize any interference with headphone earcups which could be womn by the LPM
wearer. A large radius turmn was present 1a the machined mold to minimize air flow resistance.
However, the sbup tum will minimize interference. A heat gun was used to soften the clay which
coutd then be pushed dovn to conform to the sculpted lens holder. The air inlet ducts were inserted
into the air passages of the scuipted lens boldes. Ths final scutpred air inlet ducts are presented in
Figure 49.

A two-prece female mold was constructed of each 1ir infet duct using meta: “illed epoxy
(Appendix D, no. 20) for strength and durability. The tirst several fayers whess applied 28 thin coats
for reproducing the details. Thicker coats were thea applied to speed up the nold-making process,
The first mold piece was cast with two metal dowel pins for registration pins. The mating mold piecs
was then cast oq top of the first piecz, after three layers of bees wax/toluene parng compound were
applied. After curing, the molds were separated and the clay positive cleaned out and a single, large
fillivest hole was milled into one half ' each mold assembly, along the parting s face.

Cores of the air inlet duct flow p.dis w xre nade asing the exterior «poxy moids.
Neoprene rubber having 3 0.06-inch thickness was gir od into the molds o forra a liner. This linae

simulates where the urethane was to be cast. An epoxy core was thea pourvs from TC 2510 and
dllowed i care. Tuis cas’ core posicive was thea ground o the desirad shepe. HS [1 RTV® silicoas
molds were thea cast abowg the coce positive and allowed to cure, The epoxy coce was then removed
trom the silicone by carelully cutting the silicone apart. This silicone mold was then used ©0 =%
clay cores made from 2 mixmre of Chevot Clay® and paraffic. Holes hs. 23 a diamerer of about
0.0¢ inches were meited into the ciay cores along the longin:inal axis, with a spacing of abowt 1.0
inches. The epoxy exterior molds were then sprayed with Epuzy Parfilm parti~ compound. The
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clay cores were installed 1nto the exterior molds and these molds were assembled. Urethane TC 960
was mixad, devacuumed in the mixing pot, and poured into the molds. After curing, the molds were
disassembled. The clay cores were removed by heating the cast parts to about 120°F. The flashing
was trimmed from the cast urethane air inlet ducts.

3423 Face Seal

Two basic approaches were considered for sealing the air management components to
the face: lip seals cast as part of the components or soft foam which would be applied to the bottom
of the components. Lip seals are generally used in protective masks, but the decision was made to
use a foam seal based on the fit and comfort provided by some snow skiing masks analyzed during fit
testing of rommersial masks. The soft, pliable foam was felt to require less pressure to form the seai
and would be more forgiving to provide a better seal for a number of different wearers. However,
the foam used in the snow skiiig masks was a open-cell foam which is unsuitable in a protective
mask. A design of a single fa~» seal was made vshere ail of the air management components would
mount to this seal. As shown in Figure 52, each eye and the nosecup area were separately sealed.
As the face seal mold was being fabricated, a search for closed-cell foams was made which would be
comfortatie to & skin, easily folded, bondable to the other componeats, Sastable, durable, asd not
susceptibls *- +  pression set. An open-cell foam could be used if it could be coated with a durabie
elastomer. C..ang of the face seal was felt important for fitting purposes; a face seal was not cut
from a flat sheet of foam since the seal thickness can vary at the nose dridge and forming the flat
sheet to the face could form leak paths in the seal.

The face seal shape was defined during the three-dimensional sculpting of the face
components. The seal thickness after compression on the face was assumed to be about 0.12 inches.
A compressed face s#al thicker than 0.12 inches would likely result in 3 larger eye relief and bigher
mask profile. A representation of this seal was sculpted on the headform along with registratior
marks on the side of the head. A female plaster mold of Hydrostone® (Appendix D, no. 18) was then
made using burlap as reinforcement. A matching head was then made from Hydrostone® to provids 3
headform having a hard face seal. This latter headform provided a buse from which the air
management components could de sculpted and formed.
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The Hydrostone® face sead molds were used to cast face seals trom a flexihle pour-in-
place polyurethane foam, TC 274 (Appendix D, no. 9). This foam is a 90 second foam which means
mimmal time is allowed to mix and pour the foam in place. The mited foam resin was poured into
the female moid and the male head placed into position.  Afier a number of face seals were made, the
female mold broke Jue to the hydraulic pressure caused by the foaming action. This broken moid
hait was not damaged in the face s2al area and the rewnforcing burlap kept all the broken pieces intact.

Because it was still intact, it was possible tu make a new male mold from the broken
female mold. Because the original Hydrostone® male head only represented a “compressed” face
sedl, the new male mold was made with indentations to cast “uncompressea”™ face seals. The face
seal cavity in the female mold was filled with soft clay and leveled to the face surface. This clay was
then extracted oui. Some more clay was placed into this cavity to fill in the face seal and leveled off.
The first clay face seal was then placed on top of the second clay face seal still in the female
Hydrostone® mold. An epoxy male mold half was then cast inside of the clay-filled female
Hydrostone® mold. The ~lay face seals formed a face seal indentation in the epoxy male half which
would result in the final foam face seals to be compressed approximately 50 percent to result in a
compressed face seal thickness of 0.12 inches. The molding epoxy was an aluminum-filled cast.ag
epoty (Appendix D, no. 20) which can withstand relatively high temperatures. Several fayers of
parting compound consisting of beeswax and toluene were applied with each layer being buffed after
curing. This epoxy was applied in layers to provide replication of the details and because an
exothermic reaction occurs during curing. After the first number of layers were formed, fiberglass
cloth was imbedded with the epoxy layers for reinforcing and to provide bulk to the moid. After the
male mold was completed, the fecrale Hydrostone® haif was remeved. Parting compound was applied
to the epoxy male half and the two clay face seals placed on the male headform. A female epoxy
mold half was then formed on top of this assembly using the same procedures to make the male
epoxy mold half. Some difficulty was encountered while trying to separate the two mold halves, but
heating them facilitated disassembly. The clay was removed from the epoxy molds and the molds
cleaned. A vent hole, 0.25 inches in diameter, was drilled into the female mold at each inhalation
check valve assembly duct to relieve the pressure caused by the foaming resin. The vent holes were
needed to prevent any breaking of the molds. The male epoxy mold half was not filled in completely
with epoxy due to the time required to complete this, so this cavity was filled in with Ultracal 30®
(Appendix D, no. 19) which is similar to Hydrostone® except that the former has higher strength.
The Ultracal 30® was applied in layers to minimize shrinkage which could possibly deform the epoxy
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mold. The intent of filling the male epoxy mold was to provide toth strengh and rigidity. The
finished epoxy face seal mwold halves are shown ig Figure 53.

A number of materials were cast in the face seal mold, including urethane foam and
silicone foam. The urethane foam, TC 274, was the same used in the Hydrostone? face seal mold.
This two-part foam was carefully weighed. The vent holes were taped over on the outside of th
female mold. The female mold was then turned over to act as a contzinee. The two foam
components were then quickly mixed and poured into the female mold. The placement of the foam
resin was insignificant because the male mold was then Jowered into the fermale mold. Because these
molds fit together very well, the foam resin is displaced into the proper face seal cavity and it would
foam iato place. The mold assembly was then turned over and the male head placed oa the work
bench. The tape covering the vent holes was then removed and the foam would generally start to
vent profusely by this time. The female mold was held down on the male mold v~ zeep it from
raising up due to the foam pressure. The resulting foam was very soft and flexible, but a strong
skinning etfect was not obtained About ten urethane foam seals were made in this manner. Ons
urethane foam seal was made with the same approach, except that the vent holes were covered up in
an attempt (o increase the foam density. However, the female mold started to rise from the male
mold. Clamping the female mold down was not coasidered in light of the previous Hydrostone®
mold breaking under similar circumstances.

Two silicone foams were cast in the epoxy face seal mold. One silicone foam, 3-6548
Silicone RTV foam (Appendix D, no. 29), was a two-part foam which must be poured in | minute.
The cast foam is black in color. This closed-cell foam was relatively stiff and formed an outer skin,
but the strength was unacceptable. The second silicone foam, RTF 762 (Appendix D, no. J0), was a
14 minute foam which provided plenty of time for mixing and applying to the mold. When mixing
the two parts, the viscosity was higher than the other foams. After the resin was mixed, it was
brushed into the face seal cavity and the mold then assembled. Because the foaming occurred over s
longer period of time with less force, the two mold halves were clamped to the table and the vent
holes left unobstructed. The resulting white~colored foam had relatively small pores, skinned on the
exterior surfaces, and was fairly stiff. In a bench top experiment, the ratio of activacor to base was

93




BT

O DA ANIIENTCAR NSNS LW Cogy 5 200 Zru s v PR < W G - 2

G U TR BB N0 EDY N e e
l-l-'-

R e R L

i

1

i

-.» s

b

\...ﬁ.ﬂu.\ o H
. )

H

i

T

3

§

o 3
.

FIGURE 53. EPOXY FACE SEAL MOLD
94

B aamatean SU S PR EIE N S e N WY Sy S




!

EZy 3 A

doubled in an effort to reduce the stiffness. However, the suffness did not greatly change, but the
size of pores increased and the skinning etfect decreased. Both of the latter results were undesirable.

The urethane foam provided the basic characteristics desired for the face piece, including
th tear strength, softness, and comfort to the skin. However, as was verified during casting of the
lens hulder, the urethane foam is open~cell which is not desirable for the LPM face seal. The silicone
foams are closed-cell, except that they did not hz.< the desired physical characteristics of the urethane
foam. In general, silicone rubbers are less susceptible to compression set t'1an urethanes, but no
information was obtained for the specific foams fabricates and no compression tests were performed.
In addiiion to the physical characteristics, the urethane was found to be readily bonded to the cast
urethane while the silicone foam was not readily bonded during some simple adhesive tests. To
facilitate the prototyping of the LPM, the urethane foam was used to demonstrate the feasibility of the
foam face seal. These seals were not coated with s elastomer ... would have increased the
stiffness of the seal. As pat of a foilow on task, the search for a silicone foam or alternative clos=d-
cell foam should be continued which will provide the strength, durability, and softness characteristics
without irritating the wearer’s skin. One possible candidate is Kraton® foam which is formed ii; a
blow-molding process.

3.4.24 Exhaust Chesk Valve Assembly

As discussed in Secticn 3.3.2.2 above, the exhaust check valve was based on the
convolut:d check valve design having the post attachment. CRDEC bas previously been making these
flappers; therefore, no attempt was made to mold this part. The check valve seat was designed based
on the dimensioned drawing provided by CRDEC. The LPM exhaust check valve seat was modified
slightly to facilitate molding aad to integrate it with the LPM facepiece and exhaust check valve cover
(refer to Figure 54). Both the CRDEC and LPM dimensioned drawings are preseried in Appendix C.

To fabricate the exhaust check valve seat, a soft, bendzble mold agprozch was used due
to the number of underuts in the mal» - .« .. A master male positive w2 first machined from
aluminum. This aluminum positive was attacited to an aluminum plate with brittle, fast-icting
adhesive (Appendix D, no. 31). A circular cylinder, open on the *p and bottom, was placed over
the center of the male positive to form the female mold enclosure (refer to Figure 54). This can was
then sealed to the base plate with silicone vacuur grezse ap the entire mold interior sprayed with
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silicone mold reiease. A flexible silicone molding compuund was then mixed and poured into the
container and allowed to cure. This cursd assembly was then taken apart to provide an open-face,

‘t female mold of silicone rubder. Various polymer systems where then used to cast exhaust check
valve assemblies.

A transparent silicone moiding compound, Sylgard® 182 (Apoendix D, no. 13), was first
used to make the check valve seat mold. This two-part, low viscosity silicone was mixed together
and placed in a vacuum chamber while still in the mixing cup. Once the air bubbles were removed,
the silicone was poured into the femals mold container, Slowly rotating the fetnale mold about
alowed aay air bubbles trapped underr~ath the undercuts of the positive part to rise. The poured
mold was then placed in an oven at 150° F for at least four hours. The cured silicone was then
remaved frem the mold contaitier to frm an open casting mold. This mold replicated the details of
the positive part very well and it cculd readily be flexed to remove the cast parts. The transparency
ot Sylgard® 182 also allowed air bubbles in the mold itself and the polymer resin of the check valve
seat 10 be readily idertified. Several poiymer resins where then cast in the female mold, including:

. 1Mastes Mend™ Epoxy T™-51, S-misute cvre time (Appendix L, 0. 2)
. Master Mend™ Epoxy QM-60, 90-minute cure time (Appendix D, no. 1)
. Acrylic casting resin (Appendix D, no. 3)

s Polyester resin (Appendix D, no. 4)

. Acrylic urettane (Appendix D, no. §)

. Acrylated epoxy {(Appendix D, no. §)

Each of the zandicate polymer resins wers evacuated immediately after mixing. The
resins were then carefully poured into the female mold. Because of the mold undercuts at the center
post and the outer rim, the poured molds were placed in the vacuum chamber.

Some problems were encountsred with the Sylgard® 182 female molds due to a lack of
streagth of the silicone, but also due to the polymer systems used to cast the first check valve seat
patts. All of the resin systems listed above either did not provide sufficient streugth (.e., ths check
valve seat post siem broke during demolding) or a large number of air bubbles were trapped in the
cast parts.  None of the above po.ymers were found suiiable for castiag the exhaust check valve seats,
In addition, the broken Post stems could not be easily ramoved from the Sylgard® 182 female molds.
Thes: molds where damaged while trying to extract the broken center posts.
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New exhaust check valve seat molds were thea cast with a silicone rubber, 113 II KTV? g} i‘

(Appendix D, no. 16), having higher strength than Sylgard® 182. HS Il RTV? is a two-par, low 3
viscosity, room temperarure curing silicone having an opaque white color. The mired silicone was i

evacuated in the vacuum chamber while still in the mixing cup, but not after the mold was poured.
Using the HS 1T RTV? silicone molds, check vaive seats were cast with an epoxy, TC

2510 {Appendix D, no. 10). This twe-part, low viscosity epoxy is transparent, has 2 pot life of 25 to
30 minutes, ind provides good strength properties. The resin was evacuated ‘while in the mixing pot

| e

and after pouring into the mold. The cast parts were relatively easy to demo:d and the center post

didn't breax off during demolding. The final epoxy inhalation check valve seats are shown in Figure I H
55.
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Exhaust check valve covers were pre vided to Battelle by CRDEC. These covers were
transparent and included a Jrinking tube older. Holes were cut into the front face of the cover for
exhaling. This cover fit onto the exhaust check valve seats cast for the LPM prototypes; therefore,
they could he used without modification.  An unsuccessful attempt was made to cast new covers based
on the CRUEC-supplied covers for comparison. A cover was modified by removing the drinking
tube holder and by *filling™ in the exhalation holes. A urethane casting of this modified cover would
then have holes cut into its bottom edge. HS IT RTV?® was used to form a2 female mold due to the
miounting lip forming an undercut. However, the resulting mold would not have been able to form
covers having the good appearance of the supplied covers. Therefore, the cover fabrication effort
~as discontinued and the furnished covers used in the LPM prototypes,

343 Filier Assembly

The filter assembly development consisted of identifying the filtration media, complering

the design, and prototyping the selected design. These design stages are presented in the followng
sections.

343 Filtration Materials

The design of the filter is based on a study of a flexible filtration system for RESPO 21 !
completed by Battelle’s Aeroso! Science and Technolcgy Department.(ref 37) The objective of this

study was to identify and evaluate filtration materials for 2 RESPO 21 flexible filtrazion system,
relative to:

. Air flow resistance
L Aerosol filtration efficiency

° Gas life
] Size
e Flexibility
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The final flter models weie constructed to provide a DMMP gas life of at leart 110

———

minutes and particulate filtration for 0.3 um diameter particles. The cross-sectional .rea was taken to
be S0 in>. A filter mode! based on the current C-18 filter resultad in the thinnest filter, 15 to 17 mm
(includes only the filtration media), but it had a pressure drop of 42 to 45 mm H,Q. The aerosol

filtration medium of this fi'ter is referred to as C-18 backing while the gas abscrmtion medium is
referred 10 as C-18 charcval core. This filter model consisted of 3 to 9 C-18 charcoal core layers -
sandwiched by 2 layers of C-18 backing. A filter mcdel using Filtrate® G0130, produced by 3M, for
aerosol filtration and Nanosorb® 7301-11, produced by Bliicher, for gas absorptivn provides very low
flow resistance of about 8 mm H,0. This filter consists of 2 layers of Nanosorb® T30i-11
sandwiched by 2 layers of Filtrete® G0130. However, the Filtrete® G013 is an electrostatic
particulate filter which would require further evaluation for RESPO 21 respiratory protection. The
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ability of this material to retain its electrostatic properties during field use including the long-terin ] -
effect of higis humidity is not kncwn, The filter also has a relatively large thickness of about 30 mm 1
(includes only the filtration media).

The fincr models were then evaluated based on a cross-sectional area of 100 in®. The .
intent was to minimize the thickness of ke filter assembly at the expense of increased area. The & %

-
-
r

K
N

thinner filter would have a lower profile and it may provide less interference with the wearer's other
ecuipment. The filter consisting of C-18 charcoa! core and backing materials cesuited in a filter
media thickness of {1 mm and 2 pressure drop of 15 mm H,0. This filter mcdel consisted of 5 C-18
charcoal layers santwiched by 2 layers of C-18 backing material. The Filtrete® G0130 and
Nanosorb® T301-11 filter model had a filter media thickness of 19 mm, but the flow resistance was
only 4 mm H,0. One layer of Nanosorb® T301-11 was sandwiched by 2 layers of Filtrete® G0130.

Two filter media designs wers studied for the LPM filter assembly: a 100-in? filter
composad of C-18 charcoal core and backing, and a 50-in? filter consisting of Filtrete® G0130 and
Nanosorb® T301-11. The thinner 100-in? filter would provide a low profile and an acceptable
pressure drop. The 50-in? filter would not protrude as fow on the wearer’s chest and weuld result in
very low flow resistance.
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3432 Filter Assembly Design

The filter assembly is to be worn on the chest. It is to be tlexible for a comfortable fit
and for smaller storage volume requirements. Because the filter would not likely provide the 24-hour
protection time of the LPM, a safe and quick method of replacing the filter must be provided.

The area available for 2 chest-mounted filter is shown in Figure 55, relative to the
ground troops of MIL-STD-1472C.(ref 31) The width of the filter assembly should not e=tend over
the wearer's arms due to interferenice with arm movements, such as dusing walking. Because several
sizes ot filters were not considered due to the accompanying logistics burden, the width of the filter
assembly should be kept under 10.8 inches.

To facilitate folding the filter assembly, the initial design approach was to use
approximately six filter packets connected by common air ducting. Air would pass perpendicular to
the large filter cross-sectional area of the filter packets, through the filtration media, through the
common ducting network to an outlet connector. The filter packets would need to be sealed
completely about the edges to prevent 2ir from bypassing the filtration media. Sufficient clearance
would be neaded between the filter packets for folding., As shown in Figure 57, the total cross-
sectional are: of an example of this design, not including the edge seal, wiuld be about 30 in2,
However, the filtration media study (ref 37) found that 2n area of 45 to 50 in® would be required for
an acceptable pressure drop and that a crose-sectional area of 100 in? could provide a low pressure
drop in a low profile {ilter. Because the area on the chest is limited, the filter packets would have to
be designed for a high packing efficiency. As the number of filter packets is increased, the size of
the individual packets will decrease and the perimeter arouad all of the packets will increase. The
pecimeter is important since an edge seal is required around each filter packet to prevent 'eakage
around the Slration media. Therefore, as the number of filtsr packers increase, the wasted area due
to the edge s-al is increased. Figure 58 shows a filter layout having two filter packets with an
effective filtration cross-sectional area of 40 in?, an increase of 30 percent over the layout of Figure
$7. One method of increasing the filter size without increasing the filter area required on the chest is
to have air enter the filter assembly from the front of the filter and from the back of the filter. The
air would then flow through the filtration media into a duct network halfway between the front and
back surfaces of the filter assembly. However, the filtration material dimensions resy’"ing from the
filtration media study would require a very thick fiiter assembly which would protrude too far from
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the chest, Also, the back of the filter assembly would have to be supponted away from the wearer’s
chest for proper air flow, further increasing the profile.

Therefore, using beih the front and back surfaces of the filter assembly for air inlets was not pursued.
To provide the mos* filter possible in the available area for chest mounting, the LPM fijter design
would be either a one or two filter packet design.

Since the filcer capacity wul be limited to less than the 24-hour protection to © « nrovided
Dy the mask, the filter elements must be replaceadle in the field. To facilitate this replacer nt, the
edge seals around the filter elements should be a part of the replaced filter to best insure t+ 3
positive seal is always made. This design approach could be attaizied by either incorporatis g the filter
assembly inth a replaceable hood bib, attaches to the rest of the mask by hooks or a zipper or by
fiting the replaceable filter assembly into an easily accessible pocket located on the front ¢+ he hood
bib. A snap-fit connector between the filter asscmbly and the air inlet ducts would allow ¢ sy and
quick filter replacement without requiring any tools. The design approach for the LPM fu.er
assembly was to minimize the amount of material which would need to be replaced while providing
the best seal possible. This design incorporates the aeros0l filtration material, the gas absorption
material, and the duct network together into a sealed packet with a single conne:tor to artach to the
air inlet duct. Because each filter packes will have its own connector, loosely woven spacer fabric
was used to form the duct between the filtration media and the connector. The hood bib would be
permanent!y attached to the hood and a pocket on the front of the hood bib would hold the filter
assembly. So that the differeat components could be designed and fabricated in parallel, two snap-fit
connestors would always be incorporated, even for 3 one filter packet design, so that flexibility in the
development process would aot be compromised. The two-connector approach provides a low profile
when compared to a single connecior which would have to have s flow area twice the size since it
would need to duct all of the wearer’s air intake. However, the two-connector design does make it
more difficult to incorporate an optional blower +u: than a single-connector design.

Figure 59 shows two types of woven spacer fabrics considered for use in the LPM. One
spacer material is woven from Saran® fibers (Appendix D, 0. 22) while the other is an Olefin spacer
material (Appeadix D, no. 21). The former spacer material is very flexible compared to the latter
material. However, the latter material is a goore open weave which will provide less air flow
resistance.
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FIGURE 59. WOVEN SPACE MATERIAL

Theretore, the more open Olefin spacer material was used in the LPM filter assembly prototypes.
This spaver material is more flexible in one direction than the other and can be oriented in the filter
assembly prototype to facilitate folding.

The construction of the filter packets, in order of the air flow path. consists of the

tollowing lavers:

. The first layer is a mesh fabric to help retain the filtration media layers and is more
critical for larger filter packet sizes since the filtration mediums are gunzrally mare
fragile (i.e., have less strength).

. All of the gas absorption layers (i.e., carbon layers) are sandwiched by two aerosol
filtration layers (i.e., particulate filters).

. The filtration layers are succeeded by the woven spacer material for ducting air to the
tilter connector.

. A thin-film barrier is the last laver to provide the chemical barrier.
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i The edges of the various layers are completely sealed with an elastomer to allow
fiexidility and sufficient chemical agent permeation resistance exceeding the expected life
of the filter capacity.

The thin-film chemical barrier provides a low weight seal for the filtered air. A number
of chemical barrier films, such as a Saran®-based laminate or a Teflon® fim, can be used to provide
about 6 hours of breakthrough chemics! Jgent breakthrough time while being flexible (stretchiness is
not required). This chemical barrier could be formed by the same elastomer used to seal the edges,
except that the elastomer would likely need to be zbout 0.06 inches thick and bave a higher weight
than the thin-film barrier.

A snap-fit connector was; designed (refer to Figure 60) where the male connector half
fits over the air inlet duct and the female half fity onto the filter assembly. The male connector was
designed to fit over the air inlet duct to preclude causing 2 reduction in flow area and a corresponding
increase in flow resistance. The male connector transitions rom the low profile of the rectangular air
inlet duct to 2 rourd male connector which will accommodate an O-ring for improved szaling.
Likewise, the female connector transitions the round O-ring connection to the rectangular profile of
the spacer material. The spacer material protrudes from the top edge of the filter assembly, into the

1ale connector. Two hex nuts were molded in place to positively hold the spacer material to the

- » connector by iuserting two screws through the back plate. This back plate was made from
«  thum sheet metdl to reduce the fabrication time and to simplify the female connector mold. The
‘xecference of the snap-fit connection was increased so that 2 positive lock wouid occur for the
fiexible urethane used to cast the connectors. For a stiffer material, the interference would need to be
reduced. The flexible urethane also simplified the mold design since undercuts could be present in
the mold. Dimensioned drawings of the filter connector molds are located in Appendix C.

Tae two filter asserably designs prototyped were the 50-in? design and the 100-in?
design. The froot view of thess two designs are presemted in Figures 61 and 62, respectively. Side
views are not shown since they depend upon the specific asrosol filtration and gas absorption media
used. In both designs, the edge seal was assumed to be 0.25 inches around the perimeter of the filter
packets.
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3.4.3.3 Filter Assembly Fabrication

Filter coanector molds were first machined from aluminum, Dowel pins were used to
register the mold pasts iogether. Silicone parting spray was «nplied to the mold paits before
assembdly. Two #2-56 brass screws were insertad through the .2nale mold and brass hex nuts
threaded onto the end. A gap of about 0.06 inches was left between the nuts ond the aluminum mold
and the screw lieacs were tapad in contact with the mold, This zciion resulted in ths urethane totally
encapsulating the hex nuts, except for the hole for the screw, thus preventing the auts fron. falling out
of the cast urethune and allowing the attachment screws to be threaded into the hex nuts during
assemtly. The female mold Connectors were cast from a urethane, TC 9¢ (Appendix D, no. 7).
‘Thie urethane was mixed and devacuumed while in the mixing pot which required about 5 minutes.
Bzcause the urethane was inj:cted into the molds with a syringe, the injection had to be completed
before the viscosity began to inctease (the pot life is <bout 25 minutes). The malds were then 2ngled
to allow any bubbles in the molds to rise up into the fill and vent holes. The molds were then placed
in an oven at about 120°F ¢, shorten the demolding time to about 3 hours. When disassembling the
female mold, the screws holding the hex nuts in place were removed first. The urethane, in general,
was easy to remove from the aluminum molds. All of the cores were also made from aluminum, so
core removal was not difficalt. The cast urethane connectors are shown in Figuse 63. The alumisum
back plates were cut from sheet metal.

Fabricating both the 50-in? and the 100-in? filter assemblies vas completed using the
same basic approach. The filtes elements, including the outer mesh fabri~, the zerosol filter material,
the gas absorption material, and the thin-filin barrier, were cut from the rolls of materials using flar
aluminum sheet metal patterns to ensure uniform sizes of material. Saran®, having a 6-mil thickne.s,
was used as the thin-film barrier. The Olefin spacer material was cut to the same size except for the
“ears” which are inserted into the female filter connector. Two aluminum sheet metal patterns wers
then cut so that the stacked filter elements would extend out 0.25 inches all the way around. Tae
stack was assembled and sandwiched by these two aluminum patterns. C-clamps were used to geatly
bold the stack together, using care to not compress the filter elements. Urethane, TC 960, was then
brushed over the exposed 0.25 inches around the stack perimeter to form the U-shaped edge seal.
When brushing, the stack was supported off of the workbench and parallel to the bench top, thus
preventing the urethan~ from dripping inside of the spacer material. A number of layers were applied
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FIGURE 63. CAST URETHANE FILTER CONNECTORS

to result in a urethane thickness of about 0.60 inches. However, the TC 260 viscosity was too low '
and was difficult to apply. Fumed silicz was added to the urethane as a thixotropic agent with little !
success. A brush-grade of the TC 960 urethane, called TC 960-B (Appendix D, nc. 8), was obtained
and used as the edge seal material. This brush-grade ursthane could not be devacuumed since this

caused premature curing; therefore some tubbles were always prasent i the cured urethane due to
mixing and brushing, Afier final curing cf the urethane, the excess urethane covering the outer :
aluminum patterns was cut away and the alumipum patterns popped off of the filte~ assembly.

The 100-in? filter assembly was the design selected for final prototyping due to its small
thickness, approximately 0.C inches. This design consisted of 5 layers of C-18 charcoal core

sandwiched by two layers of C-1§ bucking mar .ial. The other f™ -~ c,ements were as discussed ‘
above. One S0-in? filter packet (tvro filter packets required for a complete fiiter assembly) was

fabricated for evaluation purposer. This latter prototype is shown *3 Figuve 64. One layer of -
Nanasorb® (a type similar to two layers of Nanosort® T301-11) was sandwiched by two layers of '
Filtrete® G0130.
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FIGURE 64. S50-IN FILTER ASSEMBLY PROTOTYPE: ONE FILTER PACKET 3
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344 Facepicce e

The facepiece attaches all of the air management components to the hood. The
suspension also attaches to the hood; therefore, the facepiece is common to all of the other
compenents and must be success/uliy joined in a manner which does not cegrade the chemical
properties of the facepiece material. The two basic types of facepiece designs investigated are a
thermoformed facepiece and a fabric based facepiece made from a pon- “tchy material. The original
conformal facepiece/hood desiga was not develuped because a stretchy cnnformal material which
provides a high permeation resistance could not be identifisd. A dip-coated facepiece is integral with
the hood; therefore that concept is discussed in the following section

A thermoformed facepiece separate from the hood was explored because 1t provides a
method of contorming to the curvatura of the face without introducing seams. The chin is one area
where 2 thermoformed facepiece can be beneficial due to the sharp transitions. Another benefit of a
thermoformed facepiece is that the material used can be transrarent for personnel recognition,
although this is not an LPM requirement,
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To thermoform a material, the polymer film is heated close to its melting temperature.
The poly . is then forced into the thermoforming by applying a vacuum, piessure, or a combination
o both.(ref 38) Vacuum is applied underncath the film while pressure is applicd above the 5, The
low thermal mass of the polymer film generally requires that the film be forced quickly into the mold
where it is then allowed to ¢ool into shape. Vacuum is limited to about i2 to 14 psi where 6 to 10
psi is the most com.non. Pressure forming is sot limited and pressures ot: 50 to 120 psi are normal.
If the mold has sharp corners or surface texture, pressure forming is pwfér!ed. The thermoformed
film will uadergo some permanent swetching (i.e, thinning) durirg this process. This thinning effect
is greatest wiere the gradient of the mold 1s the greatest, Therefore, in a chemical protection
facepiece, the transitions across the face should be smooth to preclude excessive thinning of the
barrier.

Two common barrier materials were considered for thermoforming a facepicce: Saran®
and Teflon® FEP. Both of these materials are flexible in thin films, but neither one is stretchy. No
other matcrials were identified which can be obtained in 2 flexible thin-film, thermoformable, and
possihle provide 24-tiours of chemical agent permeation resistance. A custom laminate may provide
these characteristics, but a con.merciaily available laminate which could be implemented into LPM
prototyping was rot found.

Saran® having a 6-mil thickness and Saranex® having a 4-mil (hickness were obtained for
testing and evaluation. The Saranex® was not considered strong encugh for a facepiece and was not
tested. The 6-mil thick Saran® was the thickest which could be obtained and was felt marginally
strong enough for facepiece prototyping. However, as discussed in Section 3.2.1.2, this Saran® was
fabricated by blow molding which orients the film. When heating iic film in prepacation for
thermoforming, the film disintegrates instead of flowing. Cast Saran® is suitable for thermoforming,
but this type could not be found in thicknesses of 5 mils or greater.

Various thickness of Teflon® FEP are readily availab!~; however this material is fairly
expensive. FEP is heat sealable and thermoformable, but these processes must be performed at
relatively high temperatures of about 550° to 600°F. In addition, adhesives do not readily bond to
FEP unless the material is treated for it.  Some methods of treatment include electrical discharge
process (ref 39), coronx discarge, and chemical etching.(ref 40)

Battell2 purchasad Teflon® FEP having a thickness of 10 mils. This thickness was
considered strong enough for the LPM, provided sufficient chemical agent permeation eesistance, and

was considered thin enough for flexibility. Some trial thermoforming wzs performed using a face
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seal thermoforming mold for the RESFO 21 multilayer mask. (ref 41) In addition, a number of other
polymer films were also thermeformed for comparison although these othes inaterials were offer guod ‘

chemical barriers. Some FEP samples were then sent to a chemical etching ¢¢ pany io dlow p

adhesive testing o be performed. (vef 40) This treatment was a sodium ammo=i3 dip process which

turns the clear FEP to a "mottled” brown color. The company performing the ireatment does not
offer a masking capability. This reated FEP was used in testing adhesives fo: bonding FEP to the
urethane used to motd the air management components and o various nood maticials. This testing
along with the adhesives used can be found in Appendix D. A hood and facepisce prototype was
constructed utilizing one of the tes: thennoform FEP facepieces and coated nylon =3 the hood. The
facepiece was sewn to the coated nylon. This prototype is presented in Figure 65 aithough the
facepiece is hardly visible due to its trarsparescy.
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FIGURE 65. THERMOFORMED FACEPIECE AND FABRIC HOOD OTOTYPE
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I Although FEP facepieces using the above approaches do provide some benefits, they were not
unplementad iato the final LPM prototypes. The time required to thermoform followed by the ume
requirad to chemically etch the FEP (the chemical etching is degraded by heat), did not conform to
the delivery schadule of this program,

Since 2 thermoformed face riece could ror be made from a suitable material and which
fit into the deveiopment program, a fabric facepiece was used in the final LPM prototypes. The
facepiece was constructed from the same impermeable material usod to form the hood. As discussed
in the following section, semi-permeable materials were considered for the bood. However, these
materials were bot considered for the facepiece because carbon particles frequently become dislodg=d
from the casbon layer and could be inhaled by the wearer. To provide a close fit, iwo pleats were
placed at the forehead and one pleat used at the chin. A fabric facepiece and hood prototyp:? is
presented in Figure 66.
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FIGURE 65. FABRIC FACEPIECE AND HOOD PROTOTYPE
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The facepiece suspension attaches to the facepiece to provide a sealing force on the face
seal. The material used for the suspension is a open fabric of nylon and Lycra® (Appendix D, no.
35) previously identitiad by CRDEC. The addition of Lycra® is desirable because these fibers
provide 2 high degree of strerch without taking 3 permanent ses. In addition, this fabric withstands
hot water during laundering without loss of stretch or strength. Because the suspension material can
absord perspiration and dirt, it is attached to the fa~-piece by a zipper for. easy removal and cleaning.
Houk and loop fasteners were provided in the back of the suspension for personal adjustment.

345 Hood

Three basic hood materials for the LPM were explored: impermeable coated fabrics,
serni-permeable coated fabrics, and & dip-coated latex on 1 fabric subsirate. A non-fabric film was
not considered for the hood since it was felt that a film thickness suitable for durability would not bo
flexible enough for a hood.

The dip-coating concept was investigated for hood prototyping by compounding butyl
latex and natural rubber latex. Samples were formed onto glass test tubes and test tubes covered with
a nylon/Lycra® fabric substrate. However, the formed samples did not hs .e sufdcient strength and 3
smooth coating was difficu’t to achieve. The dip-coating process is descr bed in further detail in
Appendix F. Because additional testing and development would have been required to fabricate a dip-
coited mask, this effort was discontinued.

The semi-permeable composite materials discussed in Sectiva 3.2.2 2/l consisted of a
liquid barrier layer and a layer consisting of a material loaded with activated carbon. These two
layers combined tend to be bulkier and Leavier than the impermeable chemical barriers identified.
These disadvantages of the semi-permeable hood are offset by its ability to transmit water vapor, thus
reducing the physiological burden on the wearer. However, one question of an impermeable hood
versus a semi-permeable hood is whether a lighter in weight impermeable hood providing a complete
barrier is more or less of a thermal burden on the wearer than a heavier semi-permeable hood which
transmits some water vapor. In addition, the semi-permesble hood materials would need to be joined
by sewing where the seams could be covered by an adhesive sealing tage. The impermeable
materials, although presently needing sewing and the seams sealed, will likely be capable of being
heat sealed (e.g., the Chemfab fluoropolymer coated materials).
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Because the impermeable chemical barrier matenials identified during the materials

search provide lower weights than the semi-permeable materials and show promuse of being heat
sealed in the near future, the LPM prototypes hoods were fabricated from impermeable coated
fabeics. The actual inaterials selected for LPM hood fabrication were Chemfab's Challenge 4000
{Nomex? coated with fluorcpolymer on one side), Chemfab's polyester coated with fluoropolymer o
one side, and a coated nylon referred t0 “pack cloth™. The Chemfsd materials were sclected even
though the initial chemical agent testing measure relatively short breakthrough times for HD, because
they are similar to the Chemfab nylon coated with fluoropolymer which Chemfab claims provided a
breakthrough time ¢ 20 hours for HD. Further development of these marerials, along with the
ability to heat seal them together, may result in flexible and lightweight LPM hoods and facepieces in
the near future. The pack cloth hoods were selected, although this material is not chemical barrier,
because it was readily available and their was a lack of good material candidates; this “simulated”
chemical barrier does provide the basic strength and durability properties desirable in a hood for field
use,

The hood design includes the primary hood, the fabric facepiece, and the hood bib for
mounting the filter assembly. Scme clearance was provided in the neck area to facilitate donning and
doffing. A method of adjustment to seal off the neck area after donning was not provided, but will
need t0 be added at a later development stage. The hood bib includes a pocket made from an open
weave material to hold the filter assembly, Although not incorporated into the hood prototypes,
straps should be atached to the back of the hood which would run under the wearsr’s arms and attach
to the bottom of the bib. These straps would keep the filter assembly from bouncing around, such as
when the wearer is running. The air inlet ducts protrude from inside the hood to the filter assembly.
Flaps were attaciied to the hood to cover the tops of the air inlet ducts exposed outside of the hood;
bowever, the air inlet ducts should be sealed to the hood where this protrusion is made. The hood
prototypes were sewn together and 2 method of sealing these seams will need to be added in the next
development. Two hood prototypes constructed from pack cloth are presented in Figures 65 and 66.

35 Demonstrator Fabrication

With all of the parts fabricated (as presented in their respective sections above), the
various components were assembled into functional prototypes. ‘This assembly was basically
performed by adhesives to join and to seal the components together, The sir management
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components were joined together first using the epoxry face seal mold to hold tne-face seal.
Additional fixtures would have been beneficial because the TC 9¢0 urethane used to fabricate the air
management components was used an the joining adhesive. This urethane takes several hours before
any strength is developed. Without good holding fixtures, fast-acting adhesive was used to hold the
components in place. The urethane was then applied to basically seal the parts together and to
provide a flexible adhesive joint. Also, the urethane foam face seal would absorb the low viscosity
TC 960 urethane which causes this foam to stiffen; therefore, the brush-grade urethane, TC 960-10
was used to attach the components to the face seal.

With all of the air management componerts joined together, TC 960-10 was applied to
the top surfaces of these components. A sewn facepiece, with some of the hood panels sewn on, was
placed on top of the air management components and slight pressure applied until the urethane cured.
The rest of the hood was then sewn to the assembled facepiece. The eye holes were then cut from the
facepiece and the lens attached to the lens holder asing TC 960. The exhaust check valve seat was
bonded to the facepiece and the suspension zinped onto the facepiece. Drawings of the L2M
prototypes are presented in Figures 67 and 68. Figure 67 was an earlier design prior to developing
the snap-fit connectors for the filter assembly. Figure 68 is the finished final prototype desig.

3.6 Design Change Recommendations

A number of functional improvemerts can be made to the LPM prototypes constructed
during the performance of this program. Some of the changes are nesded because existing
components, such as the B/LPS ienses. were implemented iito the design to facilitate prototyping
even though they did not provide the best design for the LPM. Other changes are needed because the
prototyping methods used could not provide the design features as drawn in a timely fashion.

The lenses used in the LPM prototypes were borruwed from an existing lens system to
facilitate the prototyping process. Because vision is critical to the pertonrance of a mask, a new lens
system design should be developed to provide maximize vision acuity and field of view while
maintaining a low profile and minimum eye relief. Because vision is so critical, the zir management
components should then be modifisd to accommodate this optimum lens design.
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As the ciay air management components were being formed to the headform, some of
their design fearures were lost. ~  example, the lens holder should be redesigned to accommodate
the laser protection outserts whit would attach directly to the lens holder. The LPM prototype
facepieces were bonded to the iens holders where the laser protection outserts should be mounted.
This occurred because the mounting flange on the lens helder could not be sculpted as designed. A
redesigned lens holder should include this separate flange. The mounting channels 1n the lens holder
for the primary lenses are not symmetric about the nose. Care should be taken during future inold
generations to be more symmetric. The mounting holes in the leas holder for the optical correction
inserts do not fit the molded optical correction insert frames. This occurred because fabricating the
optical correction frame molds would have slowed down the lens holder sculpting and molding which
was not desirable. The mounting holes in the lens holder for the optical correction inserts need to be
modified for a better fit. Also, the dimensions of the air dust air flow paths were slightly reduced
during the face-forming process. The air flow resistance should first be measured for the air inlet
ducts and the inhalation check valve assemblies i obtain a baseline. If reeded, these parts should
then be refabricated to increase the flow path area. Because these ducts are rectangular in shape for a
low profile, a slight increase in the height will provide a significant increase in the flow path area.

The face seal was fabricated from an open-cell urcthane foam bacause this foam
provided the low stiffness desired and was readily bonded to the other air management components.
A number of closed-cell silicone foams were used tc cast facs seals, but they did not provide these
characteristics. The search for a suitable closed-cell foam should be continued which could then be
cast into face seals.

The prototype hoods do not form a good neck seal. A large neck opening was provided
to facilitate donning and doffing of the mask, but 2 method of sealing around the neck when the mask
was on was not provided. A method of making a good neck seal should be added. Retaining straps
should also be added which attach the back of the hood to the bottom of the hood bib by passing
underneath the wearer’s arms. These straps will hold the filter assembly in place on the chest. A
tmethod of sealing the air inlet ducts to the hood should also be added where these ducts protrude
from the hood to connect to the filter assembly.

Due to time constraints, the chin seal was made from its machined aluminum mold and
spliced into the prototype. The chin seal provides the interface between the facepiece and the face
seal. Like the inhalation check valve assemblies and the air inlet ducts, a clay chin seal can be
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tormed 10 the neauform. An groxy mold can then be made fron, this clay positive ar-d urethane chin
weals tabricated

4.0 CONCLUSIONS

The LPM desigi: requirements were transiated into 3 design via initial testing and
mockup fabrication. This design was then develoned into functional prototypes by sculpting and
moiding the air iz agement components, and Dy sewing facepieces and hoods. Although all of the
maicsials used to construct the protorypes are not the puaterials winich would be used in production of
"he LPM. they do simuiate the physical characteristics of materials we..ch could be used.

The LPM prototypes which wer2 Aelivered 0 CRDEC do shaw that the LPM corcept is
feasible. Tae protrtypes are light veight. The vision charasteristics of the LPM are very similar or
Uetter c1an many existing protetive masks, including the eye relief, field of view, and vision acuity.
improvement in the Lt M visual cuar.cteriztic shoula alto be renlized 25 the design evulves an better
(also mote expensive) cast.ng processes arc used. The casting of the air management components
could e imrroved since the existing casting meth. Js result in excessiv. flashing which rm.st be
trimmed. Imyrovine the casting methods will also improve the quality of the cast parts, such s
increased -vall thickness uniformity. The LPM prototypes are not 2s fidable for storage as initially
envisicned; however, this is partly due to m.ximizir, the Slter «ssembly size for reduced pressure
Arop at the expeo<s. of foldahility. The prototype hioc” and facepiece materials do nc ¢ provide 24-
hou~ chemica’ agent permaeation [:oiection, but they are representiive of developmentz) materials
whi:h can mest this requirement. These develonr..ental m:setials are alsc likely °o be capable of b.at
sealing for heod fahrication, or minkaally, tape sealing of the set.a seame.

5.0 RECOMMENDA TIGNS

Eecaus> the LPM prototypes do saow this concept to be feas.dle, its development she dd
be pursued. These promtypes provide a low weight and low orofile whew. compared to existing
military chemical protection equipment,

A mumber o. materials are presently under developre -3t whic', piight be utilized in tae
LPM facepiece and hood. For instance, Chemfab is develcring Suoropolymer-coared fabrics which
ars uightwelght, flexible, i waich she .1d be heat szalable. The progre.s of this developmeat should
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be fullowed, and possibly funded, along with other developer programs to produce both impermeable
and semi-permeable materials for chemical protection. Although the development of a stretchy
chemical barrier material which conforms exactly to the wearer’s face (similar to the strexch
properties of nylon/L: cra® fabrics) is pot likely in the near .e-m, an effort should be made to
encourage this developmert in the future,

A laminate consisting of an outer cheical barrier and an inner structural layer should
be pursued. Becau:e films or coatings which provide excellent chemical ;gsnt permeation resistance
are typicaily rco-stretchy and stiff, the outer chemical barrier thickness should be minimized. The
structural layer chould be sufficiently thick for strength and durability while providing flexibility and
comfort to the wearer. This laminate should be thermoformadle to conform to the wearer while
reducing the number of seams. This laminate could alsc be transparent for personnel recognition. A
candidate laminate of this type was act identified during the performance of this program. Because
many barrie. films and laminates are developed for the food and medical packaging industry, it may
be necessacy to fund a custom laminate development program specifically for the LPM and similar
chemical protection equipment.

As the above materials become available for iategrating into the LPM, the molding
mehods used to fabricaie air management components and lenses should be improved to provide
better quality parts. Rapid prototyping methods, such as stereolithography, should increase the pace
of development (also allowing faster evaluation of the fabricated parts) while allowing more control
over material thicknesses and componen interfaces. Future developments may also integrate all of
the air management components into one mold which would provide Ligher sez. .ng reliability over the
adhesive joining methods.
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APPENDIX A: LIGHTWEIGHT PROTECTTVE MASK DESIGN REQUIREMENTS

Various requirements for the lightweight protective mask (LPM) are provided
below. The source for these requirezients are from the Developer’s Speaificanon (RESPO 21)
(Draft copy) provided by Corey Grove, CRDEC. The following specifications are not intended to

be all inclusive; they are for reference only.
Requirement
System
Donning time
Temerature
Operational
Storage
Unit/individual
Packaged
Decontamination
Barrier protection
User group

Life

Vision

Lens standoff
Optimum
Maximem

Optics
Lumonous transmittance
Haze
Prismatic deviation
Vertical
Horizontal Sum,
Horizontal Diff.
L.efractive power
Distortion

Optical correction

Optical filters
Laser

Flash
Impact resistance

Respiratory
Resistance
Inhalation
Exhalation
Flow rate
Avaagg:

Inhalation
Exhalation

Criesi

9 Seconds

-25°FS T S 120°F
-60°F ST S 160°F

1 Year

10 Years

5 decons/30 days (AR 70-71)
24 hrs @ 10 g/m3

1% to 99% population

18 mm
25mm

285%
S5%

$0.18 dioptere
S 0.5" diopters
$0.18 diopters
$0.125 diopters
MIL-V-43511B
100%

Qlassified
AR 70-71
ANSI Z-87

30 mm H;0
15 mm HO

85 liters/minute
250 liters/minute
300 liters/minute
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APPENDIX B: CHEMICAL BARRIER MATERIAL IDENTIFICATION
AND TESTING: PREVIOUS STUDIES

The following is 2 summary of the materia! reports provided to Banelle by CRDEC.

A previous study! was conducted to identify potential materials for the following
applications: elast~meric facepiece materials, flexible lens, rigid lens, rigid components, and hood
barsier materials. Sumusanes of this information is presented below.

Elastomeric facepiece material candidates are silicone, nanural rubber, ncoprene, and
fluovosilicone. Neoprene and Natural rubber are commonly used in industrial and military
facepicces, but they are not recommmendad because of their problems with ozone attack, aging,
toxicity, and not flexible enough in Jow temperature conditions. Silicone provides the best overall
stability to environment conditions, but it has poor resistance to agent penneation. Fluorosilicones
increased the resistance to agent permeation, but the physical propertics, such as flexibility and
resilience, were sediced.

Thin-film fluoropolymers (about 1 to 2 mils thick) can provide high resistance to
chemical agent permeation. Attaching these fluoropolymer films tc silicone as an outer barrier may
be possible; however, attaching matenals having vastly different toodulus properties using adhesives
has proven to be difficult. Some problems eacountered are flex crazing and delanination,
especially at low temperatures. It is not known if enough thickness of adhesive can be used to join
low modulus suicone to higher modulus fluoropolymer films, but mechanical artachments might be
used. Thermoplastic elastomer. (TPE's) may be good agent barriers in the 25 to 30 mil
thicknesses which might also be attached tc silicone to form a laminated facepiece. Kratron® has
been bonded to plasma and flame treated silicone and proprietary pressure sensitive adhesives have
alsc been used with untreated silicone.

Materials for a flexible lens were investigated, but a flexible lens was not being
pursued for use in the Lightweight Protective Mask (LPM) and the reader should refer to the study
for this informatica.

Rigid lens materials include CR-39 and polycarbonate, both of which are commonly
used in optical correcdon eye wear and provide impact resistance. One disadvantage of both these
materials is that they have poor abrasic: resistance which can be overcome with a suitable
hardcoating. Polycarbonate was selectad as the best candidate due to its light weight, high impact
resistanc: and superice optical properties. Hardcoatings of interest for polycarbonate lenses are a
A“axpa hard silicone coating by EXYXENE and the epexy-based coatings teing investigated ty the

Hizh irapact plastics for meking rigi * ~omponents, such as check valve seats and
yoilcxx;;ua housings, ace readily available for RESFO 21. Nyl v recommended for use,
inciuding:

Glass-filled nylon 6/12 for POL and nuclear exposure

Low grade nylcn has shown good dimensicnal stahility

High grade nylons soch as Zytel® and Minloa® are avz.ilable for better mnisture
absorption resistance and thermal expansion

1 “Memorandum for Record: Technology Survey Results (Materials)”, Provided by
Corey Grove, CRDEC
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Thin-film chemical bamer matenals were investigated for use as flexible hood A
mumrher of matenals are presented relative to thew physical properzes, including vanous fypes of
Nuorov st films. Howeser, no chienucal agent permeanon data was preseated and invesugasons
of supporied bamer films (1 ¢., thin bamer film larmunated to a fabnc substrate for strength und
durahilin } were proposed.

Another material studv? was completed which investigated various matenals for use
in the ditferent applicaLons of RESPO 21 protective mashs. This study addressed the following
apphcanons: :

Hardcoating for polycarbonate lenses

Coated fabncs for hoads

Facepiece seal, suspension, and nosecup for “softshell” design
Transparent facepieces

Chemical agent testing of HD and GB were performed for a large number of the
materials identfied; however, testing was generally stopped at 480 minutes. Therefore. it cannot be
determuncd from the data whether the breakthrough of the agent would have occurred at 481
munutes or if it ' ould not have occurred until 1440 minutes. (The design goal of the LPM is 24
hours which 1s 1430 minutes.)

The following materials, with the thickness specihed in mils, provided at least 480
minutes of performance without chemical breakthrough for HD and CB:

* e o o

. Buny ! rubber, 75 mil . Hytrel 6350, 75 mil

. C-4 Polvmer (Union Carbide), 75 mil . Hytrel 5550, 75 mil

. Capron 77c . Kel-F (Peawalt), 75 mil
. Dow CPE, 75 mil ] Mobay wsthane E-275, 75 mil
. EPDM (Du Pont), 75 mil . Neoprene, 75 mil

. FEP-200, S mil . Nylon and Saranex

. Fluorel, 75 mil . Polyamide

. Gentex urethane, 75 mil . Polysulfone, 75 mil

. Hardcoated polycarbonate, GE, 125mil = » Saranex

. Hycar-1203, 75 mil . Surlyn, 75 mil

. Hycar-4031, 75 mil . Teflon

. Bypalon, 75 mil ° USJIEVA, 75 mil

] Hywrel 4055, 75 mil

* Note that Kalrez was not listed as tested

2 KamHmyS.arx{RadhaAgzxwﬂ.UdﬁtyDcveloputhap.Idmﬁfx.Exalmm
T : Materials for Us in the Next G o0 of Respi
Protection (RESPQ 21) Oct. 31, 1990
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The following materials, bonded onto silicone slabs (75, 80, cr 1C0 mils thick),

prgvided at least 460 minutes (unless otherwise specified) without chemical breakthrough for HD
, and GR
¥
. Parlene C, 1 mil
. Capan, 2 il
. Saran, | mil
. Saranex, 4 mil
. Cellophane, 2 mil (400+)
. J Kraton, 25 mii (420 HD, 460+ GB)
H . Upjoin urethane(450+)

A material study 3 consisting of testing materials which could provide 24 hour
breakthrough times for HD was also completed. Sixty-three (63) materials were subjected to liquid
HD challenge of 10 grams per square meter (g/m2). Of these materials, 12 had breakthrough times
(vapor) exceeding 6 hours. The eight materials providing at least 20 hours of breakthrough time
wre:

BLICO+ 104L Latex B
PIB + 104L Latex
Ethyl-F

Kalrez

Barricade

Tefguard

Responder

Chemrel Max

The latex blends were S0 percent blends by velume and consisted of butyl latex
(BL100, Burke-Palmason Chemical Co.), polyisobutylene latex (PIB, Burke-Palmason Chemical
Co.), and natural rubber latex (104L, Firestone). Kalrez® is a perfluoroelastomer by DuPoat which
provides many of the chemical properties of Teflon®, also produced by DuPont, but in an
elastomeric form; however, the cost of Kalrez® is very high. The remaining materials Listed above
are very stff and not suitable for a conforming bood design. Most of the testing incluoed only one
_suglplcofmhmwixlformingp\mes. The thicknesses of the materials were not provided
in the report.

e & & % & ¢ & O

Another report¢ was provided by CRDEC studying flexible lens materials. This
report was reviewed, but 2 summmary «/as not presented bere since 2 flexible lenr design was ot
pursued for the LPM design.

The following tables were provi CRUEC during the rce of this
. e provided by g the performa;

w

“MEMORANDUM for SMCCR-PP1, CRDEC: Agent Testing of 2ESIO 21
Materials™ Leonard E. Nicholson, Maj, CS, Acting Chief, Eval Branch

4 Report on Flexible Lens Materials and Coatings, Writien by MSA, Title Unknown,
Provided by Corey Grove, CRDEC
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é (Continued)

2 Indivicdus . Protection Flexible Lens &

¥ Materia® Agent Res ..ance Estinmates

9

¥ Flexibls Lens Materials

$ Materials HD (min) GD/G3(min)
§ Ethylene Acrylic (75 mils) 480+ 480+
g Urethane (Aliphatic) (75 mils) 1050 1440+
3 Urethane (Aromatic) (75 mils) 1440+ 1440+
§ Silicone (100 mils) 85 160
< Butyl (Conjucated Diene) 480+ 480+
§‘ (75 mils)

; EPDM (75 mils) 480+ 480+
S Hydrin (75 mils) 480+ 480+
%

4 vinyl (75 mils) ——— ——
§ Polyurethane (Pallathane) 210 480+
% (25 mils)

% Polysulfide (75 mils) 480+ 480+
2 Fluoroelastomers —— -——

i ~KEL~F (75 mils) 480+ 430+
¢4 ~Fluorel (75 mils) 480+, 480+
by -Viton (75 mils) 480+ 1440+
g. -PNF .75 mils) 480+ 14404
¥ TED - ——-

] -Solprene (75 mils) 480+ 480+
& -Kraton (25 mils) 420 460+
f Chlorosulfinated Polyethylene 480+ 480+
{75 mils)

Values are estimates based on available data (see reference
reports).
Mils = 171000 of an inch.
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Table 3
(Continued)

Individual Protection Optical Coatings
(Flexible' & Agent Resistance Estimates

Mil = 1/1000 of an inch.

optical Coatings (Flexible)
Materials HD (min) GD/GB (min)
Polyvinyl Fluoride (1 mil) 1440+ 1440+
Polyvinyl Chloride (2 mil) 385 240
Ionomer {10 mil) 195 480+
Folyethylene Terephthalate 1440+ 1440+
(1 mid)
Polypropylene (3 mil) 57 ——
Polyfluorchalecarbon 85 60
(1.5 mil)
Polyvinylidene (1 ail) 460+ 460+
Polyvinylidene Fluoride 460+ 320
(1 mil)
Nylon/Polyethylene - -
Fluoroelastomer 450+ 400
(Fluorel, 2.5 mil)
Polyanide (2 wmil) 460+ 460+
Chleorosulfonatad 480+ ——
Pol ethylene (75 mil)
Styrene/Butadiene (25 mil) 420 —

irParylenq C (0.1 mil) 117 347

. L U O S
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Individual Protection Optical
Coatings (Flexible) Studies

Optical Coatings (Flexible)

Material Trade Name | Urethane Silicone
Bonding Bonding
Polyvinyl Fluoride Tedlar Moderate Haze | Flex
- Crazing
Polyvinyl Chloride VCF Flex Cracking ———
Iononer Surlyn’ Mcderate Flex
Bonding Crazing
Polyethylene Terphane Poor Bonding, —
Terephthalate Mylar Flex Cracking
Polypropylene B. Cor ¥od RBonding, ——
Fle:x Cracking,
Haze
Polyfluorchalozarbon | Aclar Poor Bunding, -
Flex Cracking
Polyvinylidene Saran Darkers At Flex
High Temp. Crazing
Poor Solvent
Polyvinylidene Fluorex Mod Bonding, Flex
Fluoride Kynar Flex Cracking | Crazing
Nylon/Polyethylere ST. Regis | RHigh Haze, Mod | ---
Film Bonding
Fluorceiastomer Teflon - Flex
Crazing
Polyamide Capran ——— Flex
Crazing
Chlorosulfonated PE Hypalon - -
Styrene/Butadiena Kraton —— No
Crazing
IR

Urethane Bonding = Ability to bond to uretha: ..

Silicone Bonding = Ability to bond to silicone

&2

Lo |

&3

&=




Table 6

{(Continued)

Individual Protection Flexible Barrier Film
Agent Resistance Estimates

Flexible Barrier Films

Elastomer HD (min) | GD/GB (min)
Butyl {15 mils) 32s 1200+ o
Neoprene (25 mils) 63 - "

Plastics
Polyethylenea (10 mil) 60 -——— 8]
Polypropylene (3 mil) 57 — I
Polyvinyl Chloride (2 mil) 365 240 o
Polyvinyl Fluoride (1 mil) TepLar 1440+ 1440+ rt
Polyvinylidene (1 mil) <aca | 460+ 460+
Polyvinylidiere Chloride (2 mil) <wiy| 195 170 *
Polyvinylidiene Fluoride (1 mil) xwot | 460+ 320 bl
Polyaride (2 mil) 460+ 460+ *
Chlorinated Polyethylene (10 mi*\ 60 - d
Chlorosulfonated Polyethylene w—a— - /
Polyethylena Terephthaiate {,n. pwae | 1440+ 1440+ 29
Ionomer (10 mil) < 195 480 ¢

Fluorcelastomers
viton (2.5 mil) 350 15, ol
KEL-F ——— - 1]
Ethyl F (27 mil) >1220 ——— o
Fluorel (2.5 mil) 450+ 400




(COntiiued)

Fluoropolymers HD (min) GD/GB (min)
PTFE (1 nmil) 14404 1440+
PFA (1 mil) 1440+ 1440+
FEP (1 mil) 1440+ ° 1440+
ETFE (1 mil) 1440+ 1440+
ECTFE (1 mil) 1440+ 1440+
PVF, (1 mil) 1440+ 1440+
CTFE (1 mil) 1440+ 1440+

Thermoplastic_ Elastomers
Polyolefin (10 mil) 76 ——
Polyester (5 mil) 68 350
Polyether/amide ——— ——
Stylene/Butadiene (5-10 mil) 115 420
Polyester Polyurethane - ——
Polyether Polyurethane (10 mil) |99 ——o

 Latex -
Acrylic (20 mil) 69 s
Natural Rubber (33 mil) 57 -
Butyl (32 mil) >1220 -
_nr_Fluoroelastomer (30 nil{j 121 —

€5 3 em € 3 &R
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Industrial Suit Materials

-Haterial HD Sumnary

Neoprene (22 mil) 169 Too stiff for hood
V/N/C (14 mil) 167 bl

_garricade (16 mil) >1220 " e

Tefquard (20 mil) >1220 e

Responder (15 mil) >1220 il

Challenger 5200 (11 mil) 432 " w

Chenrel-Max (12 mil) 1220 w a

Repel 49 " "

>
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APPENDIX C: COMPONENT PART AND MOLD DRAWINGS
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APPENDIX C: COMPONENT PART AND MOLD DRAWINGS

) The following drawings provide the dimension used to machine the various
compenents and the componert molds used duning LPM prutotyping.
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APPENDIX D: MATERIAL VENDOR REFERENCE

The following is a list of the materials and their vendors which were used during the

Master Mend™ Epoxy
Duro™ QM-60
Loctite Corperation

Master Mend™ Epoxy
Duro™ TM-51

Loctite Corporadon
Acryloid

B-6TMT

Rohm and Haas
Philedeiphia, PA

Polyester Fiberglass Resin
Dynatron/Bondo Corp.
Atlanta, GA

Acrylic urethane
Battelle
Columbus, OH

Actylated
Battelle oy
Columbus, OH

Pclyurethane TC 960
60 Shore Hardness A
BJB Enterprises
Garden Grove, CA

Polyurethane TC $60-B
60 Shore Hardness A
BJB Enterprises
Garden Grove, CA

fabrication of the LPM mockups and prototypes. Also included is the list of adhesives ident” d in
a search along with the testing of adhesives obtained.

A two-part epoxy adhesive having & 90-
minute cure time at room temperature.

A two-part epoxy adhesive having a 5-minute
cure time at roum temperate,

An crylic casting resin. System would not
compw.lemly cure in a Sylgard ® 182 silicone
mo

Fiberglass resin commonly used in auto body
repair work. Cured parts of only resin are
very brittle and not very stong.

A UV curing polymer consisting of various
percentages of polymer, diacrylate, and
gga'y)latc. and UV<uring catalyst (See

ow

AUV cminzdpolymcr consisting of various
percentages of polymer, diacrylate, and
mbelow )l.anc. and UV-curing catalyst (See

‘gisgwo-pa:umwmhanpomfeofab_om
minutes and a room- cure time
cof about 8 hours. msmm
significantly reduced by beating the poured
mold at about 110° F. This yellowish rubber
is translucent.

This two-pat urethane is the same 25 the TC
960 castable urethane, excepx that it is a brush-
grade. The mixed viscosity was too high for
degassing in the wixing pot. The pot lifc is
about 25 minutes and it has a room-
temperature cure time of about 8 hours. This
yellowish rubber is ransincent.
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11

14

15

16

17

Polyurethane TC 274
Pour-In-Place Foam
BJB Enterprises
Garden Grove, CA

Polyurethane TC 2510 Epoxy
BJB Enterprises
Garden Grove, CA

Chevot Clay
BJB Enterprises
Garden Grove, CA

Epoxy Parfilm
Price-Driscoll Corp.
Farmingdale, NY

Sylgard 182
Silicone Rubber
Dow Coming

Syigard 184
Silicone Rubber
Dow Ccming

Sylgard 186
Silicone Rubber
Dow Corning

HSIIRTV
Silicone Rubber
Dow Corning

Alg-Cast

M465 Molding Compound
Tri-ess Sciences, Inc.
Burbank, CA

T.4s two-part urcthane foam has a mixing and
pouring tme of about 9C seconds before 1t
violently foams. Itis an opencell foam
which provides sore skanning depending
upon the age of matenal and venting of the
mold. The foam is white at first with
yeliowing occurring wath age.

This two-part epoxy system is a transparent
polymer which has a pot life of about 25
minuzes and a room-temperature cure time of
several hours

Clay/wax comnposition stiff for sculpting
details while it can be melted at about 200°F
for shaping or pouring.

Film forming release for epoxy systems.

This two-part silicone system is heat-cured
with a cure time of 4 hours at 150°F. Ithasa
low viscosity prior to curing and has an 8
hour pot life. It is a transparent material
which does not readily bond to other
materials.

This two-part silicone system is room

re cured with a cure time of 24
hours. It has a low viscosity prior to curing
and has a 2 hour pot life. Itis a transparent
material which does not readily bond to other
materials.

'I‘l'ustwo-parctumd szlu:on:h systcmig.xvm'nfz4
temperaure with a cure time o
hours. It has a relatively high viscosity prior
to curing and has a 2 hour pot iife. The air
gubblc;! could notbemnloved with a vacuum
ue to higher viscosity. Itis a transparent
material

This two-part silicone system is heat-cured
with a cure time of 24 hours. Ithasa
relatively low viscosity prior to curing and has
a 2 hour pot life. The cured material is
opaque white and can bond ot other materials.

Fast setting molding compound made from
organic materia's which breaks down over
time; therefore, only nsed for temporary
oolding.

o~y

3



18

19

21

24

Hydrostone
U.S. Gypsum Products
Industrial Gypsum Division

Chicago, IL

Ultracal 30
U.S. Gypsum Products
Industral n?ypsum Division

High Tempesture Casting Resin
FR-44- Gray v/ Catalyst 5413-C
Fiber Resin ion
Burbank, CA

Olefin Spacer Fabric
Stock no. 2006-027-1
Piusfield Weaving Co.
New Hampshire

Saran Spacer Fabric
Stock no. $006-009-1
Fivsfield Weaving Co.

New Hampshire

B/LPS Lens System .
Southbridge, MA

Kalrez

DuPont

Flexane Brushable Urethane
ITW Deveen
Danvers, MA

Flex-Add Flexing Agent
ITW Deveon

Danverr, MA

Fluoroglide Parting Compound
Wayne, NJ

Silicone Parting $
No. §512 8>y
C.grin Falls, OM

3-6548 Silicone RTV
Dow Coming

Shtentl A ol

Metal-Filled Epoxy

Loose woven olefin mazan!ham%a
width of 74 to 76 inches. Avaible mout of the
troe,

Woven Saran spacer material having a width
of about 54 inches. Not a loose weave for
low pressure drops during air flow

it

Ballistic protection eyewear system including
translucent glasses, teonze colored glasses,

An elastomeric PTFE material having the
polymeric cods of FFKM. This material is
ultra-expensive.

gmammmm

Two-part silicone foam which has » Z2ixing
wgmamxm Itis

in color and doesn’t bave good strength
Y 12T resistance.

. N
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5 ith
5 30 RTF 762 Silicone Rubbter Foam Two-part silicone foam which has a mixing ' !
& Genzral Electric Company and pouring time up to 14 minutes. It1s At
¥ Silicone Froxtucts Div. white in color and has good strength. §§
= RTV Products Dept.
4 Waterford, NY
$ 31 Wonderbond Cvanoacrylate adhesive similar to : g
s Elmer’s® “SuperGluc” 3
Border. 1. B¢
32 Buty! Latex BL-100 * K
Burke-Paimason Chemical Co. ¥
Pompano Beach, FL 2 Ry
33 TN Latex Fluoropolymer latex S |
Ausimont USA, Inc, ey b
Moristowat, NJ it
34 Narural Rubber Latex 104L Ck
General Latex & Chemical Corp. _ a
35 Darlington Fabrics Corp.
Westerly, RI
,

The acrylic urethane compounded by Battelle was based on PurElaSt 186 (PES
186) polymer from Polymer Systems Corporation. The diacrylate used was 1,6 HDODA. The
triacrylate was Photomer 4149. The catalyst was a 2 percent Irgacure 651 from Ciba Geigy.

AR
A a M, CIENTITIENT T OTT TN UTRY

% Formulation Polymer Diacrylate Triacrylate

?‘; No. PES 186 1,6 HDODA Photomer 4149 P L
¥ i Sy
& 3 70 5 25 ‘ a 7
* N:R
) al
& [ - I
e The actylated epoxy compounded by Battelle was based on Photomer 3016 ' 4
& polymer from Henkel. The diacrylats used was 1,6 HDODA. The triacrylate was Photomer 4149, 4
4 The catalyst was a 2 percent Irgacure 651 fiom Ciba Geigy. - |
*§ Formulation  Polymer Discrylate Triacrylate 4
% No. Photomer 2016 1,6 HDODA Photoiner 4149 ;
1 25 70 s '
g2 2 70 25 S A
:% 3 70 5 25 -
7 A search was made of various types of adhesives which could be used in the

2 assembly of the LPM prototypes. Following this list of adhesives are the adhesive testing which 2
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Nvlon

Resorcinol-formaldehyde

Phenol-formaldehyde ® resorcinol formaldehyde
Epoxy-polyaminoamide

Carboxylic acrylic

Polyamide

Nitrile-phenolic

Nitrile rubber cement

Polyurethane rubber cement

Eilm Adhesi

Norwood Industries, Pennsylvania (215) 647-3500
Phenolic film adhesive -~ Plymaster PM220

Urethane film adhesive — Plymaster PM253

No cure schedules

BF Goodrich, Ohio (216) 374-2500
Nitrile-phenolic film adhesive — Plastilock 601
May require too high a temperature to cure (1 hr @ 350 F 100 psi)

GFF, Cincinnad, Ohio (800) 582-1502
Polyamide film adhesive — Fus-O-Bond N-QO

No cure schedule

Dielectric Poly, Massachusetts (413) 432-3288

Nitrile phenolic film adhesive — Neltape NT-601
Polyamide film adhesive — Neitape NT-381
No cure schedule

Allisd Resin Corporation, New Jersey (201) 455-5010
Polyamide film adhesive ~ Capran 77C
No cure schedule

American Cyanamid, Maryland (301) 939-1910
Michigan (313) 353-9180
Unsupported gpoxy film adhesive — Cybond F2{-1000

Too high cure schedule? (1 hr 350 F 40 psi)

[

2

.
®
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Z-Egn R.T. Cume Adhasives iJ
American Cvanamid, Maryland (301) 939-1910
Epoxy — Cybond 1112
Cure Qs @ 77 F)
Gba-Geigy, New York (914) 3474700,
Arathane Ay 5500 + HV 5501 or HV 5511
(Polyurethane 20 min pot-life or 5 min pot-iife)
(1day@68For8hrs @ 68 F)
Conap, Incorporated, New York (716) 372-9650

Polyurethane for plastic — Conathane DPAD-11877
They have dozens of urethane adhesives (cure 2 days at 77 F, 37 min pot-life)

Hot-Melt Adhesives

H.B, Fuller Company, MN (612) 481-1816
Polyamide — HM 1504 (S.P. 292 F)
Polyamide — 816

National Starch, New Jersey (9G8) 685-5000
Polyurethane — Duro-Flex 72-9014
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of Adhesive Vi Telon Fabric Comnients

Glue adhered to vinyl
Weldwood Contact Cement %] fail and teflon

Glue adhered t0
M Super 77 fail fail fail polyurcthane

Glue adhered to
Duco Cement fail fail fai] lyurethane

Both films fail after
Borden Wonderbond held held fail _{ pulling hard

Glue adhered to vinyl
Seal All fail fail fail and nat to teflon

Gilue adhered to vinyl
Duro Master Mend Epoxy fail fail fail and teflon
Dow Corning Silicone Glue adhered to vinyl
Sealant fail fail held | and teflon
BJB TC-960 A/B Both materials fail alter
Folvurethane held held fail pulling hard

Glue adhered to
Scotchweld 2216 B/A Epoxy vinyltefion and
Adhesive fa} fail fail fabric

- Able to pull off but very
Scotch Grip 847 held held fail hatd
1B Fuller Hot Melt Glue sdhered to vinyl
HM1504 fail fail fail and teflon
Ciba Geigy XMH 8520
Polyurethane held held fail Held films fast
HB Fuller UR 2139A held | beld | fal | Held vinyl better than I
Polyurethane teflon
ﬂascalScamScal fail Did not test otberﬁlmsl
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APPENDIX E: LENS THERMOFORMING

A lens design was established based on guidelines found in the literature, This lens
was flat in the vertical meridian which basically forms a two-dimensiona! lens. The following is a
discussion of the procedures used to thermoform lenses using §.12-inch thick polycarbonate
(Lexan by General Electric). .

An aluminum roold was then machined based on the horizontal curvature of the lens
design. This mold formed the inside surface of the lens (i.c., male mold) where the polycarbonate
was heated and wrapped around the mold. A shect of polycarbonate was cut to size and clamped te
the peak of the aluminum mold. Befors the polycarbonate was heated, the sheet was flat. As it was
heated to about its melting point, the polycarbonate would wrap about the mold because of its loss
of strength. Once the sheet was fully conformed to the mold surface, it vas removed and allowed to
cool, thus resuiting in a lens plaque. A line was then scratched into the polycarbonate along the
bottom surface of the mold to form a refercnce line. Flat patterns of the lenses were then cut from
paper and glued to the lens plaque, The lenses were cut out from the plaque and the edges ground
flat. The pattern glued to the polycarbonate was easily cleaned off with soap and water.

Initally, the thermoformning temperature was not known and was found by trial and
errex. In the first thermoforming attempt, the polycarbonate was slowly heated until it begun to
sotten and fall about the mo!'d. The final temperature was about 330°F. However, some stiffness
was still present in the polycarbonate sheet and the sheet was pushed against the mold.

The second thermoforming attempt was made at a irigher temperature, 355°F, to
eliminate the stiffness in the sheet. However, at this temperanure, small air bubbles formed inside
the polycarbonate at the areas of sharpest curvature.

In the third thermoforming attempt, hose clamps were used to force the
polycarbonate against the mold and held there until the polycarbonate was cooled. A thin Teflon®
FEP film and a thin sheet metal cover were placed between the hose clamps and the polvcarbor-ate
to better distribute the hose pressure. (Permanent marks were lefi on the polycarbonate where the C-
clamps used to hold the polycarbonate o the mold were clamped.) The hose clamps basically
formed an inexpensive female mold. This mold assembly was heated o0 about 340°F. The
assembly was periodically removed from the oven and the bose clamps tightened during the heating
process. After heating, the assembly was completely cooled and then disassainbled. Some air
bubbles were formed in the polycarbonate. Also, stress marks were left in the pelycarbonate from
the hose clamps. These stress marks generally could not be seen except under certain lighting
conditions. Lenses were cut out from this lens plaque from the areas which did not contain these

defects.
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Ta get the best lenses, it is recommended that a female mold be made so that the
male and female mold together will force the polycarbonate to the desired shape. The
polycarbonate shoul.s unly be heated to about 330° to 340°F 1o preciude the formation of air
bubtles inside the polycarbonate.
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APPENDIX F: DIP-COATING PROCEDURES
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4 APPENDIX F: DIP-COATING PRCCEDURES

Dip-coat testing to produce an LFM prototype was initiated by forming simple dip-
cnating on glass test tubes and on glass .><t tubes lined with a nylon/Lycra® fabric. The fabric

n substrate was sewn together to form a sleeve which was stretched about 20 percent as it was placed

on the test tube. The latexes used were the buty! latex BL-1001 and t* » natural abber latex 1-N-
-3 861, clear? previcsly determined to provide a good chemical agent permeation barrier for D3

N However, the ratuzal rubber latex used in this previous testing program was 104L produced by

oy Firestone.4 The 1041 was not svailable for purchase at the time of testir 5, thus explaining this

: 1@% substitution.

;Z; The .anural rubber lasex was already compounded whea it was obtaned. The butyl

:ﬂ% latex did need to be compounded. Instructons of different compounding methods were suggested

b :,\ and the following compounding was performed.

e

b Buty! latex BL-100 160

o Zinc oxide (50% shary)$ 83

B Sulfur (30% slurry)s 44

;7 Butyl zimute (S0% shurry)S 80

\é’ Setsit 5 (as received)’ 5.0

1:,_‘

The 140 isicw2s were mized sogether evenly by weigh and the s xiare srained

B trough cheesecloth © remove any particulase matser. A solution of SO percent nitrate coogulant

was used. The st tebe was slowly dipped in the lasex and slowly puiled wack out. The test ube
was then slow  dipped in thic coagulant and slow pulled back out. This process was repeater’ until

] BL-10. butyl latex by Burke-Palmasca, Popeno Beach, FL
2 .N-841 (clews) saural rabbur lasex by General Lasex snd Chemical Co.

3} “MEMORATAM for SMOCR-PPL, CRDEC: Agent Testing of RESPO 21
Maerials™ Leonard E. Ni-h-Uson, Maj, CS, Acting Chaef, Eval Branch

4 Katz, Harry S. and Radha A , Utility Development Cap  Idensify, Evaluaiz
Broection (RESPO21) .

s R.T. Vaaderbuiiz Co.
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the desired thuckness of the dip coat was attained. Thue test tube was then susp-nded in disulied
water overnight to leach out excess calcium nitrate. However, problems were encountered because
the coagulant seemed ineffective for the latex solution. As the sample was suspended in the
distuled water, tne latex came off of the test tube and 2 szmpie could not be formed. Alcohol was
added to the calcium nitrate coagulate to sensitize the buty! latex as suggested in the compounding
instructdons; however, this was not successful.

The supplier of the butyl latex was contacted for suggcsti:ons. The supplier did not
have any suggestions for a working coagulant and offered to send a sample of developmental butyl
latex, BCL-200, which will work with common coagulants (i.e., calcium nitrate solution).

The BCL-200 latex was compounded using the same procedures and chemicals as
the BL-100 compounding. This new butyl latex was then mixed with the natural rubber latex and
filtered through cheesecloth. Dip-coating test tubes in this iniex still was not successful. The
coagulant seemed to *“shock™ the latex which prevented a smooth dip coat to be attained. The
amount of latex “sticking™ to the test tube per dip was also very small so that a very large number
of dips would have been necessary.

To desresse the shocking effect of the coagulant, the percent of calcium nitrate was
reduced 10 25 percent (75 percent distilled water). This seemed to itnprove the dipping process
somewhat, although the coating pes dip was still very thin. It was found that by letting the test tube
sit in the latex for about 30 minutes and then letting the latex air dry after each dip for about 30
minutes before dipping in the coagulant kept the latex from leaching off of the test tube. This
methnd was used as the final procedures. A number of coats were applied so that the overall
thickness was about 0.06 inches. The dip-ccat sample was then suspended in distilled water
overnight w0 leach the coagulant. The sample was then suspended in 160°F water for three hours
followed by cne half hour in boiling water to complete the cure (the buty? latex compounding
instructions suggested curing in high humidity conditions). This sampie was ver,’ smooth and
looked goud; however, the wensile strength was very low ard the sample was easily tom. Because
this procedure resulied in a unusable sampie and 3 mejor effort would have been required ©©
dewelop a satisfaciory process, the dip-coating ‘esting was discontinued.
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